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ABSTRACT
The first part of this work deals with the interactions of amino acids and neutral 
macrocyclic ligands (18-crown-6 and cryptand 222). Solubilities and Gibbs energies of 
solution of several amino acids and their complexes with 18-crown-6 in acetonitrile, as 
well as of some amino acid ester salts in chloroform have been determined at 298.15 
K. An increase in the solubility data for the amino acid complexes relative to the free 
amino acids has been found, as a result of the interactions of the guest molecules with 
the macrocyclic ligands. Stability constants, Gibbs energies, enthalpies and entropies of 
complexation of a series of L- and D- amino acids with 18-crown-6 and with cryptand 
222 in methanol at 298.15 K were obtained by titration calorimetry. The similar Gibbs 
energies of complexation found for these systems are the result of an enthalpy-entropy 
compensation effect. No significant differences have been found between the 
thermodynamic parameters of complexation of the L- and D- amino acids with these 
ligands in this solvent with corresponding data previously reported for DL- amino 
acids and the same macrocycles in methanol. 'H NMR studies on these systems have 
been carried out to gain a better understanding of the interactions involving amino 
acids with 18-crown-6 or with cryptand 222 in methanol. These NMR data are the first 
reported for these systems.
The second part of this thesis concerns the interactions of calixarene macrocycles 
with organic solvents (neutral species). Solubilities and Gibbs energies of solution of p- 
ferf-butylcalix(n)arenes (n — 4,6,8) in various solvents at 298.15 K are reported. 
Derived transfer Gibbs energy data from acetonitrile to various solvents reflect that the 
parent calixarenes are better solvated in most reaction media considered than in the 
reference solvent. Structural studies on calix(4)arene esters in chloroform, acetonitrile, 
benzonitrile and acetone at 298 K suggest that among these solvents, acetonitrile is 
likely to be included in the hydrophobic cavity of the calixarene esters.
The final part of this thesis concerns conductimetric, thermodynamic and structural 
studies on the interactions of parent calixarenes and amines in benzonitrile. An 
important consequence of amine-calixarene interactions in solution is the generation of 
new electrolytes, as a result of a proton transfer reaction from the calixarene to the 
amine. Thermodynamic and structural studies reflect the distinctive properties of 
cryptands relative to cyclic and aliphatic amines; suggesting that cryptand 222 and 
cryptand 22 are likely to host the proton released from the calixarene in the cavity of 
the former ligand or in the hole of cryptand 22. To conclude, the extraction of amines 
from aqueous solution by calixarenes is presented. It is shown that the transfer of 
amines from water to benzonitrile is favoured by the presence of calixarenes in the 
organic phase. Although the ion-pair formation in benzonitrile gives the main 
contribution to the extraction process, the selective extraction of amines by calixarenes 
is mainly controlled by the transfer Gibbs energies of these amines from water to the 
organic medium.
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CHAPTER 1
INTRODUCTION
1.1. MACROCYCLIC COMPOUNDS
Since the work discussed in this thesis involves synthetic macrocyclic ligands such as 
crown ethers, ciyptands and calixarenes as hosts'with neutral species (amino acids, 
organic solvents and amines); an introduction to the chemistry of these macrocycles is 
first given.
In 1987 Jean-Marie Lehn1 stated that “ Supramolecular Chemistry is the chemistry of 
the intermolecular bond, covering the structures and functions of entities formed by the 
association of two or more chemical species”. This transition from molecular to 
supramolecular chemistry is represented in scheme 1 .1 .
CHEMISTRY
MOLECULAR SUPRAMOLECULAR
a
^ 0
 SYNTHESIS
Covalent 
c /K Bonds 
1 d
* RECEPTOR COMPLEXATION
Intermolecular
Bonds
-> SUPERMOLECULE
SUBSTRATE
Scheme 1.1. From molecular to supramolecular chemistry
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The ability of enzymes to catalyse organic reactions has been studied and developed 
for many years2. For the past two decades research has been carried out trying to 
mimic the in vivo action of enzymes by means of in vitro chemical systems. In host- 
guest chemistry, host molecules are designed and synthesised to selectively complex 
guest species3.
A large number of complexation processes discussed in host-guest chemistry are 
those involving macrocyclic ligands and charged species (cations or anions). However, 
complexation between macrocyclic ligands and neutral species, has recently received 
considerable attention4,5,6.
1.1.1. History of host-guest chemistry
1.1.1.1. Crowns and crvptands
In 1964 Moore and Pressman7 discovered the effect of natural occurring neutral 
carrier antibiotics in biological membrane systems. The macrocyclic antibiotic 
valinomycin was found to be capable of selectively complexing potassium ions, 
suggesting that this ligand was responsible for the transport of ions across membranes.
Despite this discovery and the fact that host-guest chemistry dates back to the end of 
the last century8, it was not until 1967 that this field was really bom, when Charles 
Pedersen9 reported the synthesis of crown ethers.
Dibenzo-18-crown-6 was the first of the crown compounds to be synthesised. Fig.
1.1 shows one of the methods used by Pedersen to obtain the dibenzo-18-crown-6 1 , 
using catechol 2 with 2,2'-dichlorodiethyl ether 3. NaOH was the base chosen and n-
2
butanol the solvent. Dibenzo-18-crown-6 contains, as well as the rest of the 
macrocyclic polyethers, a hole in the centre of the molecule, which is able to interact 
with metal cations. It was the first neutral synthetic compound which was found to 
form stable complexes with alkali metal ions9,10.
Since its discover, Pedersen carried out a vast program of syntheses of macrocyclic 
polyethers containing 12 to 60 atoms to a polyether ring including 4 to 10 oxygen 
atoms; some of them with nitrogen and sulphur atoms11. Fig. 1.2 illustrates various 
macrocyclic polyethers. This research was followed by some others such as Timko and 
co-workers12 who synthesised several different crowns.
Cl Cl
NaOH, n-BuOH
reflux
2 3
OH HO
>-
O O
1
Fig. 1.1. Synthesis of dibenzo-18-crown-6
3
15 Crown 5
O
Dibenzo 18 Crown 6
W
Dibenzo 24 Crown 8
Fig. 1 .2 . Structures of several macrocyclic polyethers
Dicyclohexyl 18 Crown 6
In 1969, Jean-Marie Lehn13 successfully synthesised the cryptands, as three 
dimensional molecules; having proposed that these ligands should form stronger 
complexes than the crowns. Cryptand 222 was the first of these series to be 
synthesised. Triethylene glycol was the precursor to triglycolic acid, HOOC-CIfy-O- 
CJfy-CK^-O-CHj-COOH which, in turn, gave the dichloride. The synthesis requires 
four steps: (1) cyclization at high dilution, to form the 18-membered ring, (2) hydride 
reduction, (3) cyclization as in step 1, to add the third chain, and (4) hydride reduction, 
as it is shown in Fig. 1.3. Figure 1.4 shows the structures of some other cryptands. 
These ligands, unlike the crowns, are characterised by an intramolecular cavity, which 
allows them to accommodate a metal ion forming in most cases inclusion complexes. 
The complexes formed are named cryptates and they have high stability, low exchange 
rates and efficient shielding of the bound substrate from the environment1.
3 4NH NH N O O N
\_/
N O O N
( u u u \  
\ - o  o~y
Fig. 1.3. Synthesis of cryptand 222
5
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Benin Cryptand 222
Dibenzo Cryptand 222
Fig. 1.4. Structures of various cryptand molecules
Cryptands have three different conformations: endo-endo, endo-exo, and exo-exo 
(Fig. 1.5). Thus, the free and complexed ligand adopt the endo-endo
conformation in the solid state14. This configuration is also expected in solution, as 
suggested by NMR studies15.
e x o - e x o
Fig. 1.5. Conformations of the cryptands
Pedersen and Lehn have opened the way to new developments in the area of 
macrocyclic chemistry, which have been followed by Donald J. Cram16. He reported, a 
decade later, the synthesis of the spherands, as completely preorganised ligand 
systems. Crystal structures of 18-crown-617 and cryptand 22218 showed that in their 
uncomplexed states, they do not have arranged binding sites. When compared with
7
their complexes with K+ it is noticeable that they have to be reorganised for the 
complexing act. This is represented in Fig. 1.6, where 4 is the uncomplexed 18-crown- 
6 , 5 is its K+ complex, 6 is the uncomplexed cryptand 222 and 7 is its K+ complex. 
Spherands are designed to have oxygens octahedrally arranged around an enforced 
spherical cavity (Fig. 1.7), and no solvent can approach them, remaining unsolvated. 
These are systems where the coordination sites are in the required positions to 
complex the guest molecule.
r ' 0 - ,  
\  \  * 
P  HS >  + K
(  H*S>
C O
/iN V  s  
\ — /
+  K
©
< T \r —  0  0  —\
d X J r 0 — /  
\  /
Fig. 1.6. Structures of the uncomplexed 18-crown-6 and cryptand 222, and their K? 
complexes
8
Fig. 1.7. Structure of spherands
1 .1 .1 .2 . Calixarenes
Although the chemistry of the phenol-formaldehyde process has been developed 
since the beginning of this century by Leo Baekeland19, it was not until the middle 40s 
when Alois Zinke20 investigated the products of this reaction. Zinke and co-workers2’ 
treated different /^-substituted phenols with aqueous formaldehyde and sodium 
hydroxide under various conditions achieving products with very high melting points. 
These authors assigned tetrameric structures to all of these materials. However, 
Cornforth and co-workers22 and more recently Gutsche and Muthukrishnam23'25 have 
demonstrated that these materials were a mixture of products (Fig. 1.8), whose size 
depends on the reaction conditions employed.
In the 1970s the cyclic tetrameric structures kept the attention of Gutsche as 
interesting models for enzyme mimic building. He suggested23 the term calixarene 
(Greek, calix, chalice; arene, indicating the incorporation of aromatic rings) to 
describe a group of cyclooligomers which contain phenolic rings connected via carbon
ch3
9
positions. Thus, compounds containing intraannular hydroxyl groups are designed as 
Calix(4)arene 8, Calix(5)arene 9, Calix(6)arene 10 , Calix(7)arene 11, and Calix(8) 
arene 12; indicating by the bracketed number, the size of the macrocyclic system. Their 
structures and numbering are shown in Fig. 1.9.
bite
HCHO
Fig. 1.8. Products from the condensation of /?-ter/-butylphenol and formaldehyde
10
8 9
1 0
Fig. 1.9. Structures and numbering of calixarenes
11
Calixarenes are characterised for having higher melting points and lower solubilities 
in common organic solvents than their acyclic counterparts25. They have very low 
toxicity; this may be due to their extremely low solubility in water.
Calixarenes produced by condensation of /?-fe/7-butylphenol and formaldehyde are 
called parent calixarenes (Fig. 1.10) and they hold a hydrophobic cavity in between the 
benzene rings, which makes them able to interact with organic molecules.
Fig. 1.10. Structure of a calix(4)arene (basket molecule)
Conformationally mobile calixarenes
Parent calixarenes are conformationally mobile, being the degree of mobility different 
from one ring system to another.
Calix(4)arenes can exist in four different conformations designated as cone, partial 
cone, 1,2-alternat.e, and 1,3-alternate conformations (Fig. 1.11), which can be 
interconvertible. This possibility of conformational isomerism was first recognised by 
Megson26 and by Ott and Zinke27, and made explicit by Cornforth22. Kammerer et a l2*
1 2
and Gutsche and Bauer29,30 have studied the conformational characteristics of 
calix(4)arenes by !H NMR analysis in different solvents.
Cone
1,3-Alternate
Fig. 1.11. Conformations of the calix(4)arenes
The cyclic hexamers31 can exist in eight up-down conformations as Well as in 
numerous others, pointing out the two named winged (two of the aryl groups are in 
out position and the other four in up and/or down positions), and hinged (three 
contiguous aryl groups are placed up, and the other three down). Temperature 
dependent ’H NMR measurements in non-polar solvents have indicated that the cyclic 
hexamers are more flexible than either the cyclic tetramers or octamers. In the solid 
state32 /?-/er/-butylcalix(6)arene has been studied, together with others, showing a 
geometry that combine two fragments of a calix(4)arene in the cone conformation;
13
having each of them three phenolic units (Fig. 1.12). This has been named pinched 
cone conformation.
Fig. 1 .12 . Pinched cone conformation of /?-ter/-butylcalix(6)arene
Sixteen up-down conformations of calix(8)arenes31 can exist along with various 
others. /?-fe?7-Butylcalix(8)arene in the solid state33 exists in a conformation where the 
eight hydroxyl groups are placed in an almost planar intramolecularly hydrogen bonded 
cyclic array, named as pleated loop conformation (Fig. 1.13). Its conformation in 
solution has been studied by Gutsche et a/.33. It was observed that in non-polar 
solvents like chloroform or bromobenzene the ’H NMR spectra of p-tert-
14
butylcalix(8)arene and /?-fe/7-butylcalix(4)arene were very similar. Thus, a pinched 
conformation containing two such circularly hydrogen bonded array, each having four 
OH groups, was assumed for the cyclic octamer. Nevertheless, in a more polar and 
basic solvent like pyridine the spectra of both calix(4)arene and calix(8)arene are not 
the same, so it was postulated that the pinched conformation gives way to an 
expanded conformation.
Fig. 1.13. Pleated loop conformation of p-tert-butylcalix(8)arene
The rate of interconversion was found to be more influenced by the solvent than the 
/?-substituents31, due to the possibility of disrupting the intraannular hydrogen bonding, 
which is the primary force responsible for maintaining the calixarene in the cone and 
pinched conformations, respectively. Flip-flop circular hydrogen bonding might be 
possible in calix(6)arene.
15
Conformationally immobile calixarenes
Calixarenes can be converted to permanent baskets25 replacing the hydrogens of the 
hydroxyl groups with larger groups, such as esters and ethers, obtaining in this way the 
calixarene esters and ethers, which are able to capture different kind of molecules (Fig. 
1.14). As a result, a hydrophilic cavity is created in the calixarene. Thus, these 
calixarenes have two cavities: one hydrophobic in between the benzene rings and 
another hydrophilic in between the ester or ether substituents. It was first 
demonstrated by Danil de Namor and co-workers34 that in solution, solvents like 
acetonitrile or benzonitrile interact with the hydrophobic cavity to produce 
conformational changes in the hydrophilic cavity, which may alter their selectivity for 
metal cations.
x
R = H 
R ~ /-C4H9 
R = CH2-CH=CH2
a. OCH3
b. OC2H5
c. OCH2-CH=CH2
d. OCHrCsHj
Fig. 1.14. Structures of calixarene esters and ethers
e. OSi(CH3)3
f. OCOCH3
g. oso2c7h7
The use of calixarenes as macrocyclic ligands has several advantages35; two of which 
are that they can be easily synthesised and modified. It is possible to modify the cavity 
in accordance with the requirements of the guest molecule.
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1.1.2. Neutral species-macrocycle interactions
Many macrocycles are able to interact with neutral species. Thus, the study of these 
interactions is a matter of considerable interest since neutral species play an important 
role in different chemical and biological processes. In this respect, these uncharged 
species are as important as ionic species.
Great part of the work carried out on these systems has been compiled by Izatt and 
co-workers in a recent review4, where interactions are reported by means of 
thermodynamic and kinetic studies. Part of these studies will be now discussed.
1.1.2.1. Crown ethers and cryptands
The first example involving crowns and neutral guests was noticed by Pedersen10 in 
1971, when he reported the crown ether-thiourea inclusion complex. Since then, 
different other examples can be named having organic solvents, halogens and 
sulfamides as neutral species4.
Polyether ligands have electronegative oxygen atoms in their molecules that can act 
as proton acceptors. Hence, these compounds may enter hydrogen bond formation 
with species containing proton donors such as many neutral organic species. Solvents 
like water, acetonitrile, malononitrile, chloroform and nitromethane coordinate with 
crown compounds4. As a matter of fact, many studies have been carried out using 
water as the neutral guest molecule and different macrocyclic polyethers as host 
molecules, in order to see how size, donor atoms and substituents in the crown affect 
these interactions.
1 7
Equilibria data for the interaction of several crown ethers with water were obtained 
by ’H NMR measurements, using chloroform as the solvent medium. The most stable 
complex among them was that formed with l,10-dia2;a-18-crown-6 (log Ks = 2.51) at 
303 K.
Representative equilibria data4 for the interaction between 18-crown-6 and different 
organic solvents at different temperatures are shown in Table 1.1.
Table 1.1. log Ks values for the binding of 18-crown-6 and neutral species in various 
solvents at different temperatures4
NEUTRAL log Ks METHOD T REACTION
MOLECULE (K) MEDIUM
h 2o 1.04 NMR 303 CHC13
Acetonitrile 0.32 NMR 298 CC14
Nitromethane 0.11 Spec 298 CgHg
Malononitrile 2.20 NMR 298 c 6D6
18-crown-6.malononitrile in C6D6was found to be one of the most stable complexes 
(ACG° = -12.6 kJ.mol'1 ), although its stability is lower than that corresponding to 
charged guests such as alkylammonium cations36 (ACG° = -22.2 to -32.6 kJ.mof1).
1 8
As far as the interactions between cryptands and neutral species are concerned, not 
much information is found in the literature, although it has been suggested that 
cryptand 222 interacts with water through hydrogen bond formation37,38.
The stability constants of cryptands (Cry) with I2 in chloroform have been reported4. 
These data are listed in Table 1.2. The results show that as the cavity size of the ligand 
increases in going from cryptand 211 to cryptand 222, the stability constant of these 
complexes decreases.
Table 1.2. log Ks values for I2-cryptands interactions in chloroform solution4
CRYPTAND log Ks METHOD T
(K)
Cry 211 7.48 Volt 298?
Cry 221 6.73 Volt 298?
Cry 222 6.36 Volt 298?
A correlation between cryptand cavity dimension and complex stability has been 
suggested since the stronger complex occurs between cryptand 211 with cavity radius 
0.80 A, close to the reported radius of I2 in solution (0.83 A)4.
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Related to the kinetics concerning interactions between neutral species and 
macrocycles not many mechanistic studies have been reported4. Muchova and Holba39 
studied the kinetics of reaction of several crown compounds (15-crown-5, 18-crown-6 
and dibenzo-18-crown-6 [B2-18-crown-6]) with iodine where rate constants and their 
temperature dependence showed the formation of a number of complexes, as shown in 
equation 1.1;
crown+ I2 <-» (crown-I2) —> (crown-I+)I < 12 >
(crown-I+)I3~ -> (crown-T) + 13~ (1.1)
It was found that when the temperature was increased, the equilibrium concentration 
of one of the complexes, or both, decreased. This was attributed to the slow 
decomposition of the complex (crown-I2) or the slow dissociation of the complex 
(crown-I+)I3_. Any of the steps indicated in eq. 1.1 can be considered as the rate- 
determining step. Table 1.3 shows representative literature values of the rate constants 
for the reaction between iodine (lCT4 mol.dm'3) with different macrocyclic polyethers in 
chloroform at several temperatures.
Table 1.3. Rate constants for the reaction of iodine with cyclic polyethers in 
chloroform39
POLYETHER 102c T 10 3k
mol. dm'3 K s'1
15-crown-5 7.14 289.15 4.73
15-crown-5 7.14 298.15 3.17
15-crown-5 7.14 313.15 1.22
18-crown-6 7.14 298.15 3.57
18-crown-6 7.14 305.15 2.53
18-crown-6 7.14 313.15 1.56
B2-18-crown-6 0.83 289.15 0.57
B2-18-crown-6 0.83 298.15 0.38
B2-18-crown-6 0.83 313.15 0.16
1.1.2.2. Calixarenes
Calixarenes have the ability to complex neutral species in the solid state and in 
solution.
They are known to be able to retain the solvent from which they are recrystallised6. 
Many of these complexes have been isolated and analysed by X-ray crystallography. In 
the solid state three types of complexes can be formed: i) intra-molecular , ii) cage and 
iii) inter-molecular.
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Representative examples of intra-molecular inclusion complexes, is that o f p-tert- 
butyicaiix(4)arene with toluene which has been characterised by X-ray diffraction40. In 
this complex, the aliphatic group of the guest molecule interacts with the aromatic 
rings of the calixarene. A further interaction occurs between the p-tert-butyl group of 
the host molecule and the benzene ring of the guest, as shown in Fig. 1.15. A 1:1 
calixarene-toluene complex stoichiometry was found. These kind of interactions are of 
a hydrophobic nature.
Fig. 1.15. Crystal structure of the (1:1) complex of /?-ter/-butylcalix(4)arene and 
toluene
Complexes of Jp-ten'-butylcalix(4)arene with benzene and phenol have also been 
reported6, as well as a complex of a crown-bridged /?-fert-butylcalix(4)arene with 
pyridine41. In the latter, the guest molecule is located almost perpendicular to the 
reference plane of the host, interacting with the p-tert-butyl groups of the calixarene, 
due to the rearrangement in the intramolecular cavity induced by the complexation 
phenomena, as it is shown in Fig. 1.16.
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Fig. 1.16. (1:1) Complex of crown-bridged /?-fe/7-butylcalix(4)arene with pyridine
Another example of complexes with calix(4)arene is that o f /?-ferf-butylcalix(4)arene 
tetracarbonate with acetonitrile, as a non-aromatic molecule; reported by McKervey 
and co-workers42. Fig. 1.17 shows the X-ray crystal structure of this complex, in 
which the guest molecule lies inside the intramolecular cavity with the nitrogen atom 
pointing outside and the methyl group inside the cavity.
Fig. 1.17. (1:1) Complex of /?-ferf-butylcalix(4)arene tetracarbonate with acetonitrile
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Evidence of intramolecular inclusion compounds with calix(6)arenes has not yet been 
reported by X-ray analysis and only one example involving /?-fe/7-butylcalix(8)arene 
was found. The structure of the octamethyl ether of /?-te/*/-butylcaIix(8)arene 
complexed with two molecules of chloroform is presented in Fig. 1.18. They form a 
loose complex where the two molecules of chloroform are held inside the 
intramolecular cavity. In this conformation, six of the methoxyl groups are situated 
toward the inside o f the cavity, while the other two on the outside. Thus, the 
interactions between host and guest are likely to be rather weak.
Fig. 1.18. (1:2) Complex of the octamethyl ether of /?-fer/-butylcalix(8)arene with 
chloroform
As far as cage type complexes are concerned, only one inclusion complex has been 
isolated43. This adduct results from the interaction of two molecules of p-tert- 
butylcalix(4)arene and one molecule of anisole, being quite unique in its type. Its 
structure is represented in Fig. 1.19.
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Fig. 1.19. (2:1) Complex of /?-fe/7-butylcalix(4)arene and anisole
Calix(4)arene has also the capability of forming intermolecular complexes with 
organic molecules. It has been proved44 that £>-(1,1,3,3,)-tetramethylbutyl calix(4)arene 
when crystalised from acetone does not form a complex, whereas in the presence of 
toluene, a 1:1 complex with intermolecular character between the calixarene and the 
toluene molecule is formed. The former molecule in the complex adopts a cone 
conformation, but the possibility of including the toluene inside the intramolecular 
cavity does not occur. The reason is that two of the four R- groups are pointing into 
the cavity of the host and partly occupying it, and as a result the solvent is unable to 
enter this cavity.
Knowing the capability of calixarenes to form complexes in the solid state, it is of 
great importance to elucidate if analogous complexes can also exist in solution. 
Complexation with substrates other than the solvent in aqueous or organic media 
involves to a greater or lesser extent a competition between the guest and the solvent 
molecules for the host45.
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To investigate whether or not these complexes exist in solution the technique of the 
aromatic solvent induced shift (ASIS) was used by Bauer and Gutsche46. Chloroform 
was employed as the reference solvent, toluene as putative guest molecule and a linear 
tetramer as a reference compound. The ASIS value for /7-/e/7-butylcalix(4)arene is 
larger than that for the cyclic hexamer and octamer, indicating that toluene interacts in 
a different manner with the large cyclooligomers with respect to the cyclic tetramer. 
These results corroborate those obtained by X-ray analysis, where it was demonstrated 
that the cyclic tetramer forms a veiy tight complex with toluene and the octamer a veiy 
loose one.
The ASIS experiments were also carried out using calix(4)arenes bearing different p- 
substituents in order to study the influence of these derivatives when complexed with 
organic solvents. The results resemble those obtained in the solid state where it was 
concluded that no inclusion complexes are formed when the /7-substituents are 
hydrogen or the p-tert-octyl group. In the former, lack of formation of inclusion 
complexes was attributed to a shallow cavity while for the latter it was found that two 
of the /7-substituents fold back into the cavity. p-tert-Buiy\ substituted calix(4)arene 
forms a tight endo-calix complex with toluene due to the extension of the cavity 
caused by the -R groups, which, on the other hand, are not able to fold back into it.
Calixarenes can also complex amines as neutral species. Their interactions will be 
discussed in Chapter 2.
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1.1.3. Properties of crowns and cryptands
Binding properties
There is a vast variety of macrocyclic polyethers and cryptands, able to complex 
guest molecules and ions. Depending on the characteristics of these ligands, their 
binding properties are different. Metal ions and neutral ligands such as crowns and 
cryptands interact by electrostatic forces between the positive charged cation and the 
negative donor atoms of the macrocycle. On the other hand, interaction of these 
ligands with ammonium salts and neutral species (such as amino acids and protic 
solvents) takes place by the formation of hydrogen bonds between the oxygen donor 
atoms of the host molecule and the hydrogens of the guest molecule; and to a lesser 
extent through electrostatic interactions.
The study of macrocycle interactions with metal ions or neutral species shows that 
the number, kind and arrangement o f the donor atoms in the ligand, as well as the 
nature of the solvent, play an important role in the selectivity shown by macrocyclic 
ligands toward guest species. Thus, the factors determining selectivity and complex 
stability are:
i) Relative guest and host ring/cavity sizes
Most of the research carried out with synthetic macrocyclic ligands, such as crowns 
and cryptands, has been centred on the complexing abilities of these ligands with metal 
cations47,48. Nevertheless, work has also been done considering neutral species as 
guests49. Most macrocyclic polyethers and macrobicyclic ligands form 1:1 complexes 
with alkali and alkaline-earth metals. However, ligands like dibenzo-18-crown-6 form
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complexes with alkali metal ions that have metal to ligand ratios of 1:1 for K+, 1:1 and 
1:2 for Rb+, and 1:2 and 2:3 for Cs+5°. X-Ray crystailographic studies confirmed that 
the cation lies inside the hole of the crown ethers and inside the cavity of the 
cryptands17,18. At the beginning of these studies it was often stated that the stability of 
the host-guest complex was the highest when a match was found between the ionic 
radius of the metal ion and the radius of the cavity or hole of the macrocycle51.
It has been observed that for alkali and alkaline-earth metal cations selectivity peaks 
are reached when the radius of the metal and ligand are close51. However, this 
statement was found to be an oversimplification of the binding process. The greater 
stability observed for the 18-crown-6.K+ and 18-crown-6.Ba2+ complexes with respect 
to Na+, Rb+and Cs+ and Sr2+and Ca2+ complexes, respectively, is the result of a more 
favourable enthalpy of complexation. In cases where the sizes of the cation and the 
macrocycle are too different, the ligand is likely to go through conformational changes 
that lowers the stability constant of the complex.
Thermodynamic studies carried out with the cryptand 221 ligand and cations such as 
Na+ and K+ in water showed that the selectivity peak displayed by this ligand for Na+ is 
of an entropic origin52, despite their size compatibility. It was also observed that for 
divalent transition and post-transition metals, the size relationship no longer holds with 
the cryptands53. For the cryptate complexes, the solvation of the cation plays a very 
important role on their stability.
ii) Substitution on the macrocyclic ring
Substitution on the macrocycle ring alters the complex stability. Addition of benzene 
groups to crowns, like dibenzo-18-crown-6, results in a weaker host-guest interaction,
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attributed to a combination of ligand bulkiness and the electron-withdrawing properties 
of the benzo unit on the crown polyether. The cyclohexyl groups attached to the ligand 
framework may lead to an increase of stability resulting from the steric arrangement of 
the cyclohexyl rings54.
Danil de Namor and co-workers55 56 noted a decrease in stability with dibenzo-18- 
crown-6 and dibenzo-cryptand 222 with respect to 18-crown-6 and cryptand 222 
respectively, when the former ligands were complexed with alkali metal cations in 
different non-aqueous solvents. These results were attributed to an unfavourable 
entropic contribution, as a consequence of the decrease in the ligand flexibility.
Alkyl and benzo substitution on cryptands were found57 to cause a reduction in the 
cryptate stabilities being attributed to a cooperative action resulting from a reduction in 
the rates of complex formation and an increase in the complex dissociation rates.
Solvent effects
The stability of crown ether and ciyptand complexes is affected by the solvent in 
which the reaction takes place. The complexation process involves a competition 
between the ligand and the solvent for the free ion or neutral species. Large variations 
in the stability constants for the complexation of alkali metal cations and cryptands in 
different solvents have been observed by Cox et al.5*. The stability constants are 
generally lower in water and higher in the non-aqueous media, especially in acetonitrile 
and propylene carbonate.
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Frensdorf59 found that the stability value for the complexation reaction of cyclic 
polyethers and metal cations is 103-104 larger in methanol than in water, which was 
attributed to the enthalpic stabilisation due to the less energy required for the cation 
desolvation step in methanol relative to water.
Cryptands are more sensitive to solvent variations than crowns. With the latter, the 
cation does not need a complete desolvation since it is likely to be in contact with the 
solvent in the direction perpendicular to the plane of the ligand. With the former it is 
necessary a partial or complete stripping of the solvation shell to form inclusion 
complexes. Small cations were found to be more subject to solvent variations than the 
larger ones.
Solvation effects can be discussed in terms of the thermodynamic cycle involving a 
reference solvent (s,) and another solvent (s2)60.
AcG°(Si)
Mn+(SO + L (Sl) --------   > Mn+L
(3)
AtG°[Mn+]
Mn+ (S2)
V
(4)
(1)
(SO
AtGc[L]
AcG°(s2)
(5)
AtG°[Mn+L] (1.2)
+ L,(s2)
(2)
■» Mn+L(s2)
where Mn+ is the metal ion, L is the ligand and Mn+L is the metal ion.ligand complex.
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In eq. 1.2, ACG° denotes the Gibbs energy of complexation in solvents Sj (1) and s2 
(2) and AtG° is the transfer free energy from the reference solvent sx to another solvent 
s2 for the metal cation (3), the ligand (4) and the metal-ion complex (5).
Lejaille et al.61 proposed two extrathermodynamic conventions which enables the 
calculation of transfer parameters for single ions. These are known as the cryptate 
conventions and assume that i) a cryptand (Cry) and a metal ion cryptate (M^Cry) 
undergo the same solvation changes when transferred from one solvent to another, as 
represented by eq. 1.3 (expressed in terms of Gibbs energies);
A t G  [M + C iy j ( s ,  _> s2 )  ~  A t G  fCiy] (S j  - > s 2 )  ( 1 - 3 )
and ii) the transfer Gibbs energy of a metal-ion cryptate between two solvents is 
approximately zero (eq. 1.4);
AtG°tM+cry] (S, _>s2) » 0 (1.4)
Taking into account the thermodynamic cycle shown in eq. 1.2; the single ion Gibbs 
energy of transfer (AtG°) for the metal cation can be calculated from eq. 1.5:
AtG0^  _>S2) = AcG°(Si} + AtG°[M+Ciy] (S] ^ S2) -  ACG° (S2) -  AtG0[Cry] (S, _>S2) (1.5)
From eq. 1.3, it can be derived that:
AtG°[M+](Si_,S2) = AcG°(Si) -  AcG°(S2) (1.6)
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The validity of eq. 1.6 in terms of Gibbs energy has been verified in dipolar aprotic 
media by several authors56,62,63; and in terms of enthalpy by Danil de Namor and co­
workers55,64'66. These authors, based on experimental data for cryptand 222 and alkali- 
metal cations in the water-methanol solvent system, demonstrated that the cryptate 
conventions (eqs. 1.3 and 1.4) are not valid for this solvent system. Thus, eq. 1.6 can 
be used for the determination of the single ion quantities for univalent cations in 
transfers involving dipolar aprotic solvents.
Danil de Namor38 has reported a linear correlation between entropies of 
complexation ACS° of cryptand 222 with alkali-metal and silver cations in dipolar 
aprotic solvents and entropies of solvation AsoivS0 of these cations in these solvents 
(Fig. 1.20). For these purposes, the process of cryptate formation AcfS°, involving the 
transfer of the metal cation from the gas phase (g) to the solvated cryptand 222 (Cry 
222) to give the metal ion cryptate ( M+Cry 222) in solution (eq. 1.7) was considered:
M+(g) + Cry 222 (S) -+ M+Cry222(s) AcfS° (1.7)
Eq. 1.7 can be expressed in terms of its constituent parameters such as
i) the transfer of the metal cation from the gas phase to water,
M*(g) -> M*(h 20) AhS° (1.8)
ii) the transfer of the metal cation from water to the solvent,
M+(h2o) -> M+(S) AtS° (1.9)
iii) the complexation of the metal cation and the ligand in the appropriate solvent (s),
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M*(S) + Cry 222 (S) —» IVTCry 222 (S) ACS°
Since,
AsoivS° = AhS° + AtS°
Therefore,
AcfS° = AsoivS° + ACS°
Linear correlation between entropies of complexation of cryptand 222 with metal 
and entropies of solvation of these ions (a) in non-aqueous solvents and (b) in water, x . 
□  , Na+; O, K+; A, Rh+; # ,  Cs+; O, Ag+; +, Tl+.
Fig. 1.20. Linear correlation between ACS° and AsoivS° 74
Calculation of the entropy (AcfS°) for the process represented in eq. 1 
constant values in dipolar aprotic media. Therefore, eq. 1.12 may be written as;
(1.10)
(1.11)
(1.12)
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ASoivS° + ACS° = constant or alternatively;
ACS° = constant -  AsoivS° ( U J )
Eq. 1.13 implies that a plot of ACS° versus AS0ivSo should be an straight line of unit 
slope and constant intercept. The implication of these findings is that in dipolar aprotic 
media the cation looses its solvation shell when entering the ligand cavity. This 
correlation has also been obtained with dibenzo-cryptand 222 and these cations in the 
same solvents55.
1.1.4. Applications of macrocyclic ligands
1.1.4.1. Applications of crowns and cryptands 
a) Complexing agents
Crowns and cryptands are known to be the first synthetic macrocycles which form 
stable complexes with alkali metal ions9. Benzo-15-crown-5, 18-crown-6, dibenzo-18- 
crown-6, dicyclohexane-18-crown-6, dibenzo-24-crown-8 and dibenzo-3 0-crown-10 
have been found to be the best ligands for alkali and alkaline earth cations67. Cryptands 
are able to form inclusion complexes with metal cations, named cryptates, which are 
very stable68.
Macrocyclic polyethers and macrobicyclic ligands are also able to complex 
ammonium salts47 and neutral species4, such as amino acids and organic solvents.
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b) Catalysis
Crowns and cryptands can be molecular receptors with the appropriate reactive 
groups and binding sites to complex a substrate, react with it and release the products 
afterwards. In this way, they can regenerate the reagents for a new cycle. The design 
of selective and effective supramolecular reagents may provide new types of chemical 
reagents as well as more information on the factors and mechanisms involving the 
enzymatic catalysis. Different synthetic macrocycles have been studied69.
c) Models for the transport mediators
The possibility of macrocyclic ligands to become carrier molecules of the membrane 
transport process is a basic feature of these supramolecular species.
The membrane employs carriers in order to transfer a substrate across it. This carrier 
molecule must be highly selective, present adequate exchange rates and bear functional 
groups for complexing. The outer surface of the carrier must be lipophilic to allow the 
complex to solubilize in membrane media. It is required to make a compromise 
between thermodynamics (stability) and kinetics (exchange rate) of complexation70. 
The transport process involves four steps: (i) formation of the carrier-substrate 
complex at one interface, (ii) diffusion of the complex through the membrane, (iii) 
release of the substrate at the other interface, and (iv) back diffusion of the free carrier.
Research has been carried out on the transport of amino acids71, metal cations 
(mainly of alkali cations)70, and neutral species72.
The study of macrocycles as selective carriers in transport mechanisms has found
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applications in different fields, such as pharmacology (drug absorption, etc.), analytical 
chemistry or separation science (analysis of mixtures, recovery of minerals, recycling, 
etc.).
d) Solubilizing agents
Complexation of macrocycles with different guest substrates has been found to 
enhance the solubility of these guests, particularly in non-aqueous media. Pedersen9 
first noted this ability when he added different salts, such as NaCNS, KF, AgN03, to 
18-crown-6 derivatives in low dielectric solvents. The solubility of the salts was 
increased by the addition of these macrocycles.
Danil de Namor73 has observed that the addition of crown ethers and cryptands to 
saturated solutions of amino acids in alcohols significantly increases their solubility in 
these solvents.
1.1.4.2. Applications of calixarenes 
Biological
a) Mimic allosteric effect
Calixarene derivatives can interact with metal cations in allosteric guest media. Danil 
de Namor34 introduced the terminology allosteric guests to refer to solvents which 
interact with calixarene derivatives producing conformational changes which alter the 
selectivity of the hydrophilic cavity of the ligand toward metal cations. It is based on
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the analogous behaviour of these derivatives with those molecules known as allosteric 
guests in enzymology.
b) Calixarene as catalysts
Not many examples of calixarene catalysed processes have been published. Shinkai et 
al™ reported the use of several calixarenes such as o-carboxymethyl calix(6)arene 
sulfonate 13 (Fig. 1.21) as catalysts in the reaction of hydration of 1-benzyl-1,4- 
dihydronicotinamide to form l-benzyl-6-hydroxy-l,4,5,6-tetrahydronicotinamide.
COOH
13
Fig. 1.21. Structure of o-carboxymethyl calix(6)arene sulfonate
The hydration reaction is given as follows;
1-benzyl-1,4-dihydro l-benzyl-6-hydroxy-l,4,5,6-
nicotinamide tetrahydronicotinamide
37
c) Calixarenes as biomimics
Calixarenes are molecules able to mimic various aspects of natural systems, such as 
ion transport across the membranes, catalysis and enzyme structures75 and can be used 
as well-defined systems that can reversibly bind oxygen acting as heme mimics. In 
order to resemble the natural systems, a porphyrin ring is mainly involved.
Industrial
a) Recovery o f caesium and uranium
The recovery of caesium by different parent calix(n)arenes (n = 4,6,8) was first 
established by Izatt and co-workers76 who used the alkali cation binding ability of 
calixarenes in order to recover caesium from alkaline aqueous solutions of ions which 
were found in nuclear waste materials. /?-ferf-Butylcalix(8)arene was found to be the 
most effective cation carrier. An schematic representation of the experimental process 
is shown in Fig. 1.22.
Different aqueous solutions of metal ion hydroxides were used to determine the 
transport rates for the cations, when /?-te/7-butylcalix(8)arene was used as the carrier. 
The main result was that the transport rate for Cs+ was much higher than that for K+, 
Na+, Li+ or Rb+, as shown in Table 1.3.
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Fig. 1.22. Schematic representation of the experimental set-up for the recovery of 
caesium35
Table 1.3. Transport rates for alkali metal cations at 298.15 K35
SOURCE PHASE TRANSPORT RATE x 107 (moles/24 h)
LiOH 0.9
NaOH 1.5
KOH 1.7
RbOH 22
CsOH 130
In aqueous solutions uranium is often found as U 022+ in association with carbonate. 
y>-Sulphonatocalix(6)arene derivatives were described by Shinkai77 as ligands which 
enable the recovery of uranium from aqueous solutions, as a result of complex
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formation between the calixarene derivative and U 022+ whenever a dilute aqueous 
solution containing the sodium salt of calix(6)arene sulfonic acid is mixed with a dilute 
aqueous solution containing Na4U 02(C 03)3.
£>-Hexylcalix(6)arene is able to complex the U 022+ ion and transfer it to the organic 
layer if an aqueous solution of pH=10 containing this calixarene and U 0 2(CH3C 0 0 )2 is 
extracted with o-dichlorobenzene35. Further extraction data for U 0 22+ by o- 
dichlorobenzene from a solution of U 0 2(CH3C 0 0 )2 in H3B 0 3 at pH=8.1 and pH=10 
are shown in Table 1.4, together with data obtained for the same cation using different 
ligands.
Table 1.4. Percentages of uranium extracted as U 022+ from aqueous solution to o- 
dichlorobenzene by calixarenes at 298.15 K35
COMPOUND pH=8.1 pH=10.0
/?-hexylcalix(6)arene 97.4 99.8
dicyclohexyl-18-crown-6 1.3 2.1
£>-fer/-butylcalix(6)arene 0.0 18.0
b) Phase transfer agents
The first system investigated78 was the metal ion persulphate catalysed 
polymerization of w-butyl acrylate in alkyl acetates, where the inorganic alkali metal
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initiators were insoluble in the reaction medium. Using the tetraethyl ester derivative of 
/?-fer/-butylcalix(4)arene (TEE) the phase transfer of sodium persulphate was achieved.
This calix(4)arene derivative was also found to improve the yield of the product of 
the reaction of phenacylbromide with acetate in acetonitrile. The phase transfer 
catalysed reaction with 92% yield after 30 m heating in the presence of 6% of TEE in 
acetonitrile and in its absence is now presented;
0 o o
/7 ~ \ I KOAc I I( V c - - C H 2*Br ----------- > ^J^-C-CH2-0--C--CH3
Phenacylbromide Phenacylethanoate
c) Separation o f neutral organic species
p-tert-Butylcalix(8)arene has been utilised by the Parma group79 as a stationary phase 
in gas-solid chromatography, due to its ability of complexing neutral organic species. 
This parent calixarene has been effective in the separation of alcohols, chlorinated 
hydrocarbons, and aromatic compounds. Shinkai et a lz0 employed water-soluble p- 
sulfonate calixarene ethers to study their interaction with several dyes. The interaction 
o f jp-allylcalix(4)arene with amines has been studied in acetonitrile by Gutsche et al*] 
They obtained the formation of an endo-calix complex when fert-butylamine was 
used, but not with fe/7~pentylamine. These results could lead to a method for amine 
separation.
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d) Polymer bound calixarenes
Calixarenes bearing the /7-substituent -CH=CH2 may be incorporated into several 
polymer backbones. The connection of the functional groups of the calixarene and the 
polymeric backbone should be in such a way that there is no alteration of the binding 
properties of the ligand.
Harris et a ll2 have synthesized a wide range of polymer-bound calixarenes, 
especially those which are able to complex metal cations. Fig. 1.23 shows the synthesis 
o f silicone bound calixarene derivatives by fixation via their ester moieties.
0-CHj-CH = CH
o= c
2 2
Y -  C H . C O O E t
Mt Mo Mt
1 I 1CH•— S 1 - 0  —S I “ 0 -S  i - 0 -
I I IMt Mt Mt
0  =  C
2
Fig. 1.23. Synthesis of silicone bound calixarene derivatives
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e) Material for ion-selective electrodes
Ester derivatives of /?-/<?/7-butylcalix(4)arene are claimed to be used as sodium 
selective electrodes due to the selectivity of these ligands for sodium over potassium83. 
Electrodes selective for Na+ (based on calixarene esters and amides) and for Na+ and 
Cs+ (based on p-alkylcalix(4)arene acetates) have been described by Kimura and co­
workers84, and by Diamond85. The latter86 author found that a tetramethyl ester of 
calix(4)arene gave excellent performance as a sodium selective electrode both in liquid 
and in PVC membranes, having an operating life time of two years.
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CHAPTER 2
LITERATURE REVIEW
2.1. AMMONIUM SALT AND AMINO ACID - MACROCYCLIC LIGAND 
INTERACTIONS
A large number of biological processes involve at some point an interaction between 
small organic molecules and an specific area on the surface of a macrocycle. To 
achieve a better understanding of the physicochemical properties of the biological 
systems, the nature and configuration of the interacting fragments have to be 
elucidated, which would be greatly facilitated if suitable models are available.
With this purpose, macrocyclic polyethers have attracted great attention for many 
years, due to their ability to complex organic cations, in particular primary ammonium 
ions313,87. These properties are also important in their relation to those of some natural 
antibiotics and their extension to the complexation of biological substrates, such as 
biogenic amines88.
Host molecules have been designed and synthesised to selectively complex and 
lipophilize guest molecules. Thus, in the past years many hydrogen-bonded complexes 
formed by (alkyl) ammonium ions and macrocyclic polyethers have been reported, 
where host and guest species have been subjected to a wide range of structural 
modifications. Recently, macrocycle interactions with amino acids have also been 
studied73,89'93.
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2.1.1. Ammonium and substituted ammonium salt-macrocycle interactions
2.1.1.1. Geometry of binding interactions. Site of complexation of the host and guest 
molecules
Undoubtedly, the unsubstituted 1,4,7,10,13,16-hexaoxacyclo octadecane (18-crown-
6) ligand is one of the most widely studied crown ethers, which reacts with an 
extensive variety of substrates.
The interactions of ammonium and substituted ammonium salts with 18-crown-6 in 
the solid state are well established. It has been observed that in all the structures 
involving ammonium guests and crown polyethers the stoichiometric ratio of complex 
formation is 1:194. Nevertheless, some 2:1 complexes have been reported between 18- 
crown-6 and several diammonium cations ( +H3N(CH2)nNH3+, where n = 2-6 ) in 
methanol at 298.15 K as a result of titration calorimetric studies95.
The geometrical features of the interactions are very similar in most o f the ciystalline 
structures examined. Thus, complexation between guest and host is mainly due to a 
tripod perching arrangement o f+NH—O hydrogen bonds on one face of the polyether 
hole, and electrostatic N+—O bonds involving the three remaining oxygen atoms. An 
schematic representation is shown in Fig. 2.1.
Most of the complexes have the -NH3+ group in the perching position, about 1 A out 
of the best plane of the oxygen atoms of the macrocycle, rather than in the nesting 
position, which is on the plane and encircled by the crown ring.
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Fig. 2.1. Structure of the ammonium. 18-crown-6 complex73
Complexes between macrocyclic polyethers and ammonium ions are stabilised by 
+NH—O hydrogen bonds, as shown by X-ray diffraction studies. Characteristic 
parameters96 of these interactions are N—0; 2.95 ±0.15 A, H—O; 2.0 ± 0.2 A (bond 
distances) and N-H—O; 160 ± 20° (bond angle), as it is shown in Fig. 2.2. Large 
deviations from these values exist when carboxylate oxygens are involved as acceptors, 
which result in a shortening of hydrogen bonding distances.
18-Crown-6, which has a diameter of -2.6 A with all oxygens turn inward, adopts a 
typical arrangement when complexed with ammonium salts. The six oxygen atoms lie 
alternately about 0.25 A above and below their mean plane, forming a hole (2.8 A in 
diameter) in which the ammonium ion would not fit. Therefore, it is displaced from the 
mean plane by 1.0 A. Accordingly, the three oxygens involved in N-H—O binding are 
the ones situated on the complexed face of the crown, while the remaining three 
located on the opposite side participate in F t—O interactions. This corresponds to 
conformation of lowest torsional energy97.
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Fig. 2.2. Geometric features associated with the two types of interaction between a 
perching ammonium ion and the 18-crown-6 ligand
Substrates bearing additional sites for hydrogen bonding to the polyether, like 
hydroxylammonium or hydrazinium ions, tend to penetrate more into the ligand cavity.
Trueblood and co-workers98 studied by X-ray diffractometry the structures of the 
complexes of 18-crown-6 with hydrazinium, hydroxylammonium and methyl 
ammonium perchlorates. The first two structures have been determined at 115 K and 
the latter ones at 296 K. It was found that the complex of 18-crown-6 with 
hydrazinium perchlorate (H2NNH3+C104_) is unique among other complexes 
considered in that the -NH3+ nitrogen atom lies close to the median plane of the six 
oxygens of the crown ring, in a nesting position just 0.11 A from this plane. It seems 
to be a consequence of hydrogen bond interactions between the -NH2 group of the 
guest ion with the two crown oxygen atoms of the ligand. One of these bonds appears
to be weakly bifurcated and involves the perchlorate oxygen atom as well. Thus, their 
finding belies arguments that the ammonium ion is too large to fit within the crown 
ring.
2.1.1.2. Extraction and association constants
Kyba and co-workers" estimated the extraction constants, Kext, of tert- 
butylammonium salts, r-BuNH3C104 and /-BuNE^PFg, in the D20-CDC13 solvent 
system in the presence of cyclic and open chain naphthalene containing hosts (16, 17, 
18; see Fig. 2.3.) from distribution experiments.
Fig. 2.3. Structures of naphtalene-containing ligands
The equilibrium associated with the extraction of /-BuNH3+ from D20  into CDC13 by 
the host (H) to give the ion-pair complexed electrolyte in the CDC13 phase is given by 
eq. 2.1;
[H ] cdci3 + [f-BuNH/lojo + [X-]Dz0 [(-BuNH3+ro T ]CDCl3 (2.1)
Solutions of t-BuNHj+ salts in D20  and host in CDC13 were prepared, placed in 
centrifuge tubes at 297 K and stirred vigorously. The lower CDC13 layers were
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transferred to NMR tubes and the relative amounts of host and guest were determined 
by integration of the total aromatic protons and the t-Bu proton singlet". Blank 
experiments were carried out in the absence of host, and no 'H NMR detectable 
amounts of these salts were found in the organic layer. Data for the extraction (KeXt) of 
te/7-butylammonium salt from aqueous solutions were estimated taking into account 
the following assumptions: (i) the guest salt was dissociated in water, (ii) the guest 
salt was associated as tight monomeric ion-pair in chloroform, (iii) essentially no host 
was distributed into the water layer, and (iv) all the guest salt in the chloroform layer 
formed 1:1 complexes with the host.
The estimated values obtained by lH NMR data indicated that 16, whose 
oxygens converge, was a better complexing agent than 17, whose oxygens partially 
converge, or than 18, which has no rigid units to enforce convergence.
Timko and co-workers'2 determined the association constants, Ka, in CDC13 at 297 
and 273 K for a large number of hosts with ±BuNH3SCN as guest. Several ligands 
were chosen among the host molecules: 19, 2,5,8,11,14,17-hexaoxaoctadecane; 20, 
18-crown-6; 21, 1,4,7,10,13-pentaoxacycIooctadecane; 22, w-xylyl-18-crown-5; 23, 
benzo-18-crown-6; 24, dibenzo-18-crown-6; 25, monofuranyl-18-crown-6; 26, unsym- 
bistiiranyl-18-crown-6; 27, trisfuranyl-18-crown-6; 28, s>w-bisfuranyl-18-crown-6. 
Their structures are shown in Fig. 2.4. Association constants (eq. 2.3) were derived 
from data obtained for the processes represented by eqs. 2.1 and 2.2.
[?-BuNH,t]D20 + [X-]D20 [/-BuNH3+ X-]cdc|3 (2.2)
where Kd is the distribution constant.
[H]cdci3 + [/-BuNH3+XT]CDOl3 [I-BuNHj^HX-Icdoi, (2.3)
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Therefore, Ka values were calculated from eq. 2.4.;
K a = ^ -  (2.4)
Kd
The *-BuNH3+ cation was selected as the standard ion because i) it possesses an 
adequate hydrophilicity-lipophilicity balance which favours water over non-polar 
solvents, but it is extractable into chloroform in the presence of hosts; ii) the /er/-butyl 
group provides an intense singlet in the ‘H NMR spectra allowing determination of its 
concentration in water and in the organic solvent in distribution experiments between 
these phases; and (iii) the ter/-butyl group is bulky enough to make steric inhibition of 
complexation detectable if steric barriers exist in the host compound.
Representative literature data for association constants and Gibbs energies for the t- 
BuNH3SCN salt and several hosts in chloroform at different temperatures are 
presented in Table 2.1.
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Fig. 2.4. Structures of an open chain and 18 membered ring polyether hosts
Table 2.1. Association constants (log Ka) and derived Gibbs energies (AaG) 
of fe/7-butylammonium thiocyanate and different hosts in CDC13 at 
different temperatures12
297 K 273 K
COST SCALE log Ka AaG logKa AaG
8- 2-4) kJ.mol'1 kJ.mol'1
19 C -2.41 —12.02a 3.23 -15.31
20 A 6.48 -36.84 7.52 -39.30
21 C 3.52 -18.29a 4.56 -22.28
22 C 3.81 -19.98a 5.01 -24.60
23 A 5.79 -32.92 7.02 -36.69
24 B 4.93 -28.04 5.93 -30.99
25 A 5,32 -30.25 6.09 -31.83
B 5.31 -30.19
26 B 5.30 -27.70
C 4.43 -23.47a 5.46 -26.96°
27 C 3.31 -17.09° 4.34 -21.12°
28 C 2.72 -13.73° 3.60 -17.25°
a- The Ka values of scale C recorded here were those measured. They were divided by 
two for the calculation of AaG values. Thus, the AaG values of scale C were 
normalised to those of scales A and B.
The authors considered that the differences in the binding abilities of the guest salt 
with hosts were too great to determine their Ka values at one set of concentrations and
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volumes for the two phases used. Thus, the initial concentration of host was 0.14 
mol.dm'3, and the volume 0.60 ml. As a consequence, three different scales were 
employed to calculate Ka values, where volumes and concentrations were varied 
(scales A, B and C, respectively). It was found that Ka values were in agreement when 
scales A and B were used, but they were a factor of about two higher when scale C 
was used. Accordingly, Ka values of scale C had to be corrected.
The values of equilibrium constants reported by Timko and co-workers cannot be 
considered very reliable due to all the assumptions made to derive them. In a solvent of 
low dielectric constant as chloroform the presence of different complexes in solution 
can exist (homoconjugates, heteroconjugates). Ka data were also obtained by indirect 
methods (’H NMR measurements and from Kd values, obtained in turn by 
conductimetric and fluorescent spectroscopic methods).
These results provide interesting conclusions about how different structural features 
affect the binding power of macrocyclic ligands in host-guest complexation reactions. 
These will be discussed in the following section.
2.1.1.3. Effect of preorganisation of binding sites on complexing abilities
Space filling scale molecular models, (Corey, Pauling, Koltun, CPK), have been used 
to design host compounds for specific complexation.
Macrocycles 20-28 and open chain compound 19 (Fig. 2.4) were prepared by Cram 
and co-workers12 (Pedersen9 first prepared 20, 23, and 24) in order to elucidate the 
contributions of structural features to the binding of these compounds to primary 
alkylammonium salts.
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The association constants of these polyether hosts with the fc/7-butylammonium 
thiocyanate salt in chloroform at 297 K have been calculated as described in section
2.1.1.2. Conclusions on the binding abilities of polyether hosts taking into account the 
values given in Table 2.1 are now presented.
Polyether 19 was found to be the most conformationally flexible among the 
macrocycles studied, with the lowest binding constant. Its molecular formula only 
differs by two hydrogens with that of 20, and yet the cyclic polyether is a more 
effective complexing agent (by a factor greater than 104) than the open-chain ligand.
Substitution of one oxygen in compound 20 by one methylene 21, decreases the 
binding ability of this macrocycle by a factor of about 1000. This factor decreases to 
about 500 in ligand 22, where one oxygen in ligand 20 was substituted by one aromatic 
CH from the benzene ring.
Inclusion of cathecol units in the ring of macrocycle 20 reduces the association 
constant by a factor of about 5 for ligand 23, and by an additional factor of 8 for 24, 
due to electron delocalization of the ether oxygens into the benzene rings.
Finally, when the electron pairs on the furan oxygens are delocalised; their binding 
ability decrease by factors of 12 to 16 per furan ring, following the sequence 20 > 25 > 
26 > 27.
Comparing the binding abilities of compounds 28 and 26 it was found that these 
decrease by a factor of about 50 from the former to the latter, as a result of placing 
two furan units across from one another. Thus, in the complexation process involving 
ligand 26 hydrogen bonds only involve non-fiiranyl oxygens. This is not observed for
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ligand 28.
Another interesting ligand is that of 2,6-dimethylbenzoic acid-18-crown-5 (Fig.
2.4.a) where a carboxylic residue has been introduced into the macrocycle. In its 
complexation with /-butylamine, the crown adopts a configuration which allows the 
ammonium ion to interact with two oxygen atoms of the polyether and one oxygen 
atom from the carboxylate (Fig. 2.4.b) forming a typical coordination of the perching 
-NH3+ type94.
(a)
(b)
Fig, 2.4. (a) Intramolecular complexation in the free ligand, (b) /-butylammonium 
complex of 2,6-dimethylbenzoic acid-18-crown-5
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When four carboxylic groups are introduced into a single 18-crown-6 ring and this is 
allowed to interact with ethylenediamine, the guest molecule penetrates into the crown 
cavity more than in most of the other complexes94 (Fig. 2.5). There are two processes 
taking place, which involve the formation of a 1:1 complex and the transfer of two 
protons from the acid residues to the guest molecule. As a consequence, strong 
electrostatic interactions between the -NH3+ and -C 02~ groups take place. The 
carboxylic groups on the interacting side of the crown compound are slightly spread 
apart due to steric repulsions with the bound guest molecule; those turned in the 
opposite direction approach each other, partially covering the lower side of the crown.
Fig. 2.5. Structure of the complex between the tetracarboxylic derivative of 18-crown- 
6 and ethylenediamine
2.1.1.4. Chiral recognition in the complexation of guests bv designed host molecules
Binding, chirality and functionality are the requirements of an enzyme analogue. The 
ability of 18-crown-6 derivatives for complexing primary alkylammonium cations 
indicates the potential of the 18-crown-6 constitution to supply the binding
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requirement of an enzyme analogue. Thus, marked interest has been focused on the 
design and synthesis of host chiral ligands that can distinguish between guest organic 
ammonium enantiomers70,100,101. Curtis et al)02 used an NMR spectroscopic method to 
identify diastereoisomeric complexes, working with (RS)-a-phenylammonium 
hexafluoro phosphate and chiral 18-crown-6 derivatives in aprotic solvents. It was 
found that chiral recognition exists when the substituents on the 18-crown-6 
framework are bulky and lack in flexibility.
Different chiral substituted macrocycles of the pyridino-18-crown-6 type were 
investigated by Davidson and co-workers103 in order to demonstrate their possible 
enantiomeric recognition for chiral organic ammonium salts. The systems were studied 
by titration calorimetry in CH3OH, temperature-dependent 'H NMR spectroscopy in 
CD2C12, and selective crystallisation. All the chiral dimethyl-substituted ligands were 
proved to exhibit chiral recognition, in contrast to the diphenyl ones which failed to do 
so (Fig. 2.6). This is due to the presence of a phenyl group on the macrocycle, away 
from the nitrogen binding site, which unables enantiomeric recognition.
1. R = H,
2. R = Cl,
X = 0 
X = 0
x  = o3. R = OCH3,
4. R = H,
5. R = H, X = H2
x  = s
Fig. 2.6. Structures of pyridino-18-crown-6 ligands
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2.1.1.5. Calorimetric titration studies
Most of the thermodynamic studies on the complexation of ammonium, diazonium 
and N H / ions with crown ethers have been carried out by Izatt and his co~ 
workers47,95,104. These authors studied the factors which influence the binding of organic 
ammonium and diazonium cations to crowns on the basis of the thermodynamic data of 
complexation (stability constant, log Ks; hence Gibbs energy, ACG°; enthalpy, ACH°; 
and entropy, ACS°). These factors include (i) number of hydrogen atoms available for 
hydrogen bonding, (ii) steric hindrance of guest groups, (iii) separation of charges on 
diammonium cations of the type 4H 3N(CH2)nNH3+, and (iv) electronic effects. 18- 
Crown-6 was the chosen ligand and methanol was the solvent selected. Some 
representative data are shown in Table 2.2. It has been found that in all cases the 
complexation process was enthalpy stabilised (ACH° <0) and entropy destabilised (ACS° 
<0).
These data led Izatt and co-workers to the following conclusions (i) reduction in the 
number of hydrogen bonds free for interaction results in a decrease of the stability of 
the complexes, (ii) steric hindrance was also important, proving that increasing the 
bulkiness on the -R group of the guest results in a loss of stability, (iii) separation of 
charges has just a little effect on complex stability, and (iv) electronic factors showed 
no denoting effect. However, these factors were found to have an appreciable effect on 
the binding of 18-crown-6 to simple and substituted arenediazonium salts in methanol 
at 298.15 K, due to the closer position of the diazonium ions with the ligand hole104.
5 8
Table 2.2. Stability constants, Gibbs energies, enthalpies and entropies of 
complexation of several organic ammonium cations with 18-crown-6 in 
methanol at 298.15 K95
CATION log Ks ACG° ACH° ACS°
kJ.mol'1 kJ.mol"1 J.K'1.
N H ^ 4.27 -24.36 -38.78 -48.3
c h 3n h 3+ 4.25 -24.25 -44.81 -68.9
c h 3c h 2n h 3+ 3.99 -22.77 -44.56 -73.1
CH3(CH2)2NH3+ 3.97 -22.65 -42.09 -65.1
(CH3)3CNH3+ 2.90 -16.55 -32.47 -53.3
h o n h 3+ 3.99 -22.77 -37.70 -35.7
PhNH3+ 3.80 -21.68 -39.91 -61.2
(CH3)2NH2+ 1.76 -10.04 -27.90 -59.9
(CH3CH2)2NH2+ a
(c h 3)3n h + a
(CH3)4N+ a
a- Heat produced in these reactions was so small that log K and AH could not be 
calculated, leading to the conclusion that AH and/or log Ks is very small.
Related to the NH4+ ion and its complexation properties with crown ethers, several 
studies have been carried out in aqueous solution105 and water/methanol mixtures106. 
The results were compared to those obtained with metal ions, like Rb+. Table 2.3 
shows the thermodynamic data obtained in aqueous solution for the 1:1 reaction of
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crown ethers and NH4+ and Rb+ ions in aqueous solution at 298.15 K. The results 
show that the stability constant for the reaction of NH4+ (ionic radius = 1.48 A) with 
18-crown-6 (18C6) is lower than that for the reaction of Rb+ (ionic radius = 1.47 A) 
with the same polyether. This is due to the less favourable enthalpy value, that is 
partially compensated by the entropy value. The data obtained for the interaction with 
15-crown-5 (15C5) indicate a higher stability constant when the ion is N H / compared 
to Rb+. In this case, the reason is a threefold more favourable entropy change. The 
above results are a consequence of the different type of interaction of both cations with 
the crown ligands. Thus, hydrogen bonding takes place between the crown and the 
ammonium cation while ion-dipole interactions are involved in the complexation of 
crowns and alkali-metal cations. The data shown in Table 2.3 reflect that the complex 
formed between the NH4+ cation and 15-crown-5 in water has a higher stability than 
that formed with 18-crown-6 and the same cation in the same solvent.
Table 2.3. Stability constants, Gibbs energies, enthalpies and entropies of complexation 
of NIL/ and Rb+ions with crowns in aqueous solution at 298.15 K'05
LIGAND CATION log Ks ACG° ACH° ACS°
kJ.mor1 kl.mol'1 J.KAmol
15C5 N H / 1.71 ±0.16 -9.76 -1.00 ± 0.16 29.38
18C6 n h 4+ 1.23 ±0.06 -7.02 -9.79 ±0.33 -9.29
15C5 Rb+ 0.62 ±0.10 -3.54 -7.95 ± 0.04 -14.79
18C6 Rb+ 1.56 ±0.02 -8.90 -15.98 ±0.44 -23.75
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Interactions of amino acids with crown ethers or cryptands have not been widely 
studied. Bidzilya and co-workers89'91 carried out the first studies with crown ethers and 
amino acids, and Danil de Namor and co-workers73,92,93 reported their thermodynamics 
for the first time, including amino acid-cryptand interactions.
Bidzilya and Oleksenko89 determined the stability constants of 18-crown-6 and 15- 
crown-5 ligands with amino acids containing aromatic substituents (phenylalanine, 
tyrosine, and tryptophan) in methanol, using the solubility method with 
spectrophotometric recording to detect complex formation. It was found that the 
solubility of amino acids in organic solvents increases by the addition of crowns as a 
result of interactions between these ligands and the amino acid guests. They concluded 
that the stability of complexes with 15-crown-5 is considerably lower than with 18- 
crown-6 (Table 2.4), due to the better fit of the ammonium group of the amino acid in 
the hole of the 18 membered ring poly ether.
2.1.2. Amino acid - macrocycle interactions
Table 2.4. Stability constants (log Ks) of 18-crown-6 and 15-crown-5 with amino 
acids in methanol at 298.15 K89
AMINO ACID 18-crown-6 15-crown-5
DL-Tyrosine 2.84 1.53
DL-Phenylalanine 2.52 1.51
DL-Tryptophan 2.49 1.09
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Furthermore, Bidzilya and Oleksenko90 isolated, in pure form, several complexes 
formed between different amino acids and their derivatives and macrocyclic polyethers.
Infra-Red and NMR spectroscopy, elemental analysis and mass spectroscopy were 
used to characterise their physical and chemical properties.
Three kind of complexes can be formed: (i) LHAa type, with the electrically neutral 
(zwitterionic) forms of amino acids and peptides, where L is the ligand and HAa is the 
amino acid (e.g. I8-crown-6.alanine complex); (ii) MLAa type, with the amino acid in 
its anionic form, where M is a metal cation and Aa is the anionic form of the amino 
acid (e.g. 18-crown-6.potassium alaninate complex); and (iii) LH2Aa+ type, with the 
amino acid in its cationic form, where H2Aa+ is the protonated amino acid derivative 
(e.g. 18-crown-6.1ysine mono hydrochloride).
Their investigation showed that macrocyclic polyethers form 1:1 complexes with 
amino acid and their derivatives, and that they can be isolated in pure form.
Bidzilya et al.91 demonstrated that the interactions between macrocyclic polyethers 
and some amino acids can also take place through nonvalence interactions (stacking). 
This was proved by NMR titration studies with dibenzo-18-crown-6 (B218C6) and 
aromatic amino acids, such as phenylalanine (Phe), tyrosine (Tyr) and 
dihydroxyphenylalanine (DOPA) in acetonitrile. For comparison purposes, these 
studies were also carried out with 18-crown-6 (18C6) and phenylalanine and with 
dibenzo-18-crown-6 and alanine (Ala), where the formation of an intramolecular 
stacking is not possible. A likely structure of the complex dibenzo-18-crown-
6.phenylalanine is shown in Fig. 2.7.
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Fig. 2.7. Suggested structure of phenylalanine.dibenzo-18-crown-6 complex
Table 2.5 shows the A5 values in ppm of proton signals of crown ethers (dibenzo-18- 
crown-6 and 18-crown-6) and these amino acids in acetonitrile at 298 K.
Table 2.5. A5 values (ppm) for the protons of crown ethers and amino acids, during 
complexation, in acetonitrile at 298 K91
CROWN AMINO Aromatic -CH,- “NH3+ Aromatic
ETHER ACID hydrogen hydrogen
B218C6 Ala -0.09 -0.13 -0.9 —
B218C6 Phe -0.10 -0.12 -1.0 0.21
B218C6 Tyr -0.10 -0.12 -0.9 0.23
B218C6 DOPA -0.09 -0.12 -0.9 0.23
18C6 Phe __ a -0.8 0.03
*- No shift was observed.
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The A5 values reported for all the protons of the crown ethers and amino acids were 
the same in the complexes of phenylalanine, tyrosine and dihydroxyphenylalanine with 
dibenzo-18-crown-6; and they differ from those in the phenylalanine. 18-crown-6 
complex. The latter shows a significantly smaller shift (0.03 ppm) relative to that for 
the former complexes (0.21 - 0.23 ppm). That increase in chemical shifts could be 
explained as a consequence of the effect of ring current of the benzene substituents of 
the crown ether, which are positioned below the amino acid residue. In that way, there 
is a localised charge transfer between aromatic radicals.
An increase in the overall stability was observed for these complexes relative to that 
bearing the non-aromatic amino acid. Thus, Table 2.6 lists log Ks values for the 
complexation process between amino acids and crown ethers in acetonitrile at 298.15
Table 2.6. Stability constants (log Ks) of amino acid-crown ether complexes in
K.
acetonitrile at 298.15 K91
AMINO ACID Dibenzo-18-crown-6 18-crown-6
Phenylalanine
Tyrosine
Dihydrophenylalanine
Alanine
2.68
2.72
2.55
2.80
2.49
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It was assumed that this increase in the stability constants of dibenzo-18-crown-6 
with aromatic amino acids relative to that for alanine and that for 18-crown-6 with 
phenylalanine indicated the presence of an added intramolecular stacking reaction in 
the complexes of benzo-substituted crown ethers with aromatic amino acids. However, 
it must be emphasised that no standard deviation has been given in the data reported by 
these authors.
The same authors91 conducted titration NMR studies of phenylalanine, tyrosine, and 
dihydroxyphenylalanine with the benzo-15-crown-5 ligand in water, in order to 
determine the binding site of interaction of the host and the guest and consequently, to 
assess the factors governing the stability of the complexes between aromatic amino 
acids and benzo-crown ethers. Benzo-15-crown-5 was chosen as a macrocycle due to 
the higher solubility of this ligand in water relative to dibenzo-18-crown-6. The lack of 
complexation with this ligand in water was taken as an indication that for the stacking 
reaction to take place, binding of the -NH3+ group of the amino acid with the crown 
oxygens must occur.
Some studies have been carried out on the interaction of racemic macrocyclic 
polyethers and amino acids or their derivatives, as a pathway to simple methods for 
enantiodifferentiation of the optically active groups. Thus, Timko and co-workers107 
examined twelve racemic ligands for their amenability to optical resolution through 
differential complexation with L-valine; and Luk'yanenko et a /.108 determined the 
stability constants of chiral bi- and trinuclear crown ethers with ammonium chloride 
and L- and D- valine methyl ester hydrochlorides, which may form sandwich 
structures. No enantioselective complexing was found with L- and D-valine 
derivatives.
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Thermodynamic studies involving DL-amino acids and macrocyclic ligands (18- 
crown-6 and cryptand 222) in methanol and ethanol were first reported by Danil de 
Namor and co-workers73,92,93. These results will be discussed in Chapter 4 together with 
the data reported in this thesis for L-amino acids.
The dipolar or zwitterionic form of the amino acid predominates in both alcohols, 
where the amino group is protonated and the carboxylic group is dissociated (+H3N- 
CH(R)-COO). This has been confirmed by Danil de Namor and Ritt73,92 by 
potentiometric titrations. Phenylalanine was titrated with tetraethylammonium 
hydroxide (Et4NOH) in methanol. Two inflection points were observed in the titration 
curve, which correspond to the equilibria between i) the protonated form H2Aa+ and 
the neutral form HAa of the amino acid; and ii) the zwitterionic form HAa and the 
anionic form Aa‘ of the amino acid.
The complexation process between amino acids and macrocycles can be represented 
as:
TLN -C H (R )-C 00-fROH) + L (R0H) - £ - >  L+H3N -C H (R )-C O O "0 (2.5)
where +H3N-CH(R)-COO~ is the zwitterionic form of the amino acid, L is the ligand 
(18-crown-6 or cryptand 222), ROH is the solvent (methanol or ethanol) and Ks is the 
stability constant.
Further studies73 to corroborate that the site of interaction for the amino acid is 
through the NH3+ group involved i) pH titration studies in the presence and absence of 
18-crown-6; and ii) calorimetric measurements with 18-crown-6 and lysine (bearing 
two amino groups), and with 18-crown-6 and N-blocked amino acids (such as N- 
acetyl-glycine and N-acetyl-DL-alanine).
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The first study showed the formation of 2:1 18-crown-6.lysine complex. The second 
showed no heat of complexation when the amino group was blocked.
Fig. 2.8 shows the suggested interactions of amino acids with the macrocyclic 
ligands 18-crown-6 and cryptand 222, as a result of computer model calculations.
( a )  ( b )
Fig. 2.8. Suggested interactions of amino acids with (a) 18-crown-6 and (b) cryptand 
222
It was shown that the amino acids are able to interact with crown ethers and 
cryptands to give 1:1 complexes except for lysine, and all these are stable enough (log 
Ks values range from 3 to 4) to give isolable compounds.
Computer modelling was carried out for DL-alanine with 18-crown-6. The 
suggested structure is shown in Fig. 2.9.
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Fig. 2.9. Computer modelling for the DL-alanine. 18-crown-6 complex
Related to the glycine. 18-crown-6 complex the calculated distances for the three 
hydrogen bonds were 1.72, 1.84 and 2.26 A; while those for the electrostatic N*—O 
interactions were 2.82, 2.96 and 3.14 A. In the case of the glycine.cryptand 222 
complex the computer model suggested that just one hydrogen bond can be formed, at 
a distance of 1.57 A. The other two distances were too large to form hydrogen bond 
(3.18 and 3.41 A). It is important to consider that the computer model does not take 
into account the reaction medium in which the complexation process takes place. 
Thus, this method only provides a hypothetical model for a process in solution. The 
prediction obtained by computer modelling will be further discussed in Chapter 4 
together with the results obtained by NMR measurements in methanol.
The enthapies of complexation data of amino acids with 18-crown-6 and cryptand 
222 showed73 that the complexation reaction is enthalpically favoured (ACH° < 0), and 
that these results for amino acid.l8-crown-6 interactions are more negative than those 
for their interactions with cryptand 222. Thus, thermodynamic data suggest that the 
amino acids are able to interact more effectively with 18-crown-6 than with cryptand 
222. The complexation of amino acids with 18-crown-6 was found entropically
unfavoured (ACS° < 0), whereas with cryptand 222 it is mostly entropically favoured 
(ACS° > 0). These two thermodynamic parameters (ACH° and ACS°) are dependent on 
the nature of the guest and host molecules, as well as the solvent.
It was found that the Gibbs energy values (ACG°) are very similar in most complexes 
as a result of a remarkable enthalpy-entropy compensation effect. The Gibbs energy 
term also suggests that these ligands are unable to recognise selectively the amino 
acids in the alcohols. Nevertheless, a selective complexation may occur when the 
number of hydrogen atoms available for interaction in the amino acid is decreased 
(proline) or increased (lysine).
Studies on solubility data, Gibbs energies of solution and derived transfer energies 
were carried out in methanol and ethanol for different DL-amino acids and macrocyclic 
ligands (18-crown-6 and cryptand 222). The results indicate that the solubility of the 
amino acids increases considerably in the presence of the ligand, as a consequence of 
complex formation between these two species. Concerning the Gibbs energy of 
transfer (AtG°) data, it was observed73 that
AtGr [hm] (MeOH -»EtOH) ~ ^tG [LHAa] (MeOH->EtOH) (2-6)
This led to the conclusion that a) the amino acids and their complexes with these 
macrocycles are subjected to similar changes in solvation when transferred from 
methanol to ethanol, b) most of the amino acid molecule is exposed to the solvent. It 
was demonstrated that the solvation properties of the host, the guest, and the resulting 
complex play a key role in the complexation reaction, as it was previously reported by 
the same authors38,45.
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Recently, Lipkowski and co-workers109 and Kulikov et al.1,0 carried out structural and 
thermal studies on the interactions of peptides (glycylglycine, triglycine and L-a- 
alanyl-L-a-alanine) with crown ethers (18-crown-6, l,10-diaza-18-crown-6 and 12- 
crown-4). The thermal properties of the crystalline complexes were investigated in the 
range 320-470 K. The runs were performed at a scan rate of 5 K.min'1 in an 
atmosphere of dry argon. The crystal structures of the complexes of 18-crown-6 with 
glycylglycine or L-a-alanyl-L-a-alanine and with different water contents were 
investigated by X-ray diffraction. The results obtained showed that both dipeptides 
exist as zwitterions, bonded to the crown by the N H / group through N-H—O 
hydrogen bonds. The -COO" groups on the opposite side of the peptide molecule form 
hydrogen bonds with the water molecules.
Fig. 2.10.a shows the interaction of 18-crown-6 with glycylglycine and Fig. 2.10.b 
that for the L-a-alanyl-L-a-alanine. 18-crown-6 complex .
(a) (b)
Fig. 2.10. (a) PLUTO projection of the complex of 18-crown-6 with glycylglycine, 
(b) PLUTO projection of the complex of L-a-alanyl-L-a-alanine with 18- 
crown-6, with atoms numbering scheme induced
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The thermal behaviour of the 18-crown-6/diglycine, 18-crown-6/diglycine/water, 18- 
crown-6/triglycine, 18-crown-6/L-a-aIanyl-L-a-alanine, 12-crown-4/L-a-aIanyl-L-a- 
alanine and l,10-diaza-18-crown-6/diglycine/water complexes was investigated by 
differential scanning calorimetry (DSC) and thermogravimetry (TGA) methods110. 
Representative literature DSC and TGA are collected in Table 2.7.
Table 2.7. DSC data on the thermodynamics of the physico-chemical transformations 
of several peptide-crown ether complexes110
COMPOUND rpa AHob AS°
(K) (kJ.mol'1) (J.K ’.ir
18-crown-6 (18C6) (melting) 313.5 42.4 135
1,10-diaza-18C6 (melting) 389.3 61.3 157
18C6/diglycine (melting) 363.5 180.9 498
18C6/diglycine/water (melting) 381.9 163.0 427
18C6/triglycine
Melting of the a-form 373.5 107.7 288
Melting of the (3-form 419.3 75.7 181
18C6/dialanine (melting) 365.1 140.0 383
12C4/dialanine (decomposition) 421.9 -57.5
1,10-18 C6/diglycine/water (melting) 378.5 106.5 281
a- The temperature of the peaks are presented. b- All the values were calculated 
assuming a 1:1 (peptide: crown) stoichiometry for these complexes neglecting the 
presence of water molecules.
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The data showed that the enthalpies and entropies of melting for the complexes are 
larger than those for pure crown ethers, reflecting that complexation of the crown 
ether with the peptide molecule takes place. The authors suggested that the variations 
observed in the enthalpies of melting for diglycine and dialanine complexes with 18- 
crown-6 are the consequence of the different depth o f penetration which is 
characterised by the distance between the nitrogen atom of the -NH3+ peptide group 
and the plane of the macrocycle. A decrease of this distance leads to an increase of 
depth penetration, resulting in a higher enthalpy of melting for the complex. However, 
the difference between the enthalpies of melting of the 18-crown-6/diglycine and 1,10- 
18-crown-6/diglycine hydrate complexes was explained in terms of the different type 
of interaction of the dipeptide with each macrocycle.
2.2. AMINE - CALIXARENE INTERACTIONS
Calixarenes are fascinating macrocyclic ligands which have a quite recent history.
Izatt and co-workers111,112 reported for the first time their ability to selectively 
transport univalent cations from aqueous alkaline solutions to membrane-like solvents. 
This process involves the formation of a metal-ion calixarenate and the release of a 
proton. The interactions between calix(n)arenes and aliphatic amines, first reported by 
Bauer and Gutsche46 in 1985, were found to be a similar type of process, p- 
Allylcalix(4)arene was chosen as the host molecule and fe/7-butylamine was tested as a 
potential guest molecule. Their interaction was studied by ]H NMR technique and a 
change in the spectrum was observed for this system. This result might have been 
anticipated from the previous publications on the interactions between phenols and 
aliphatic amines113,114. Barry et a l U5 interpreted the observed upfield shifts in the 
resonance positions of the aryl and hydroxyl protons of phenols in a Me2SO solution 
containing amines, in terms of phenol-amine complexes.
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The study of ’H NMR spectra in acetonitrile solution of the mixture of p- 
allylcalix(4)arene and A?r/-butylamine showed significant differences in the proton 
chemical shifts relative to those of the pure compounds46. The fact that the resonance 
arising from the amine protons is shifted downfield in the presence of the calixarene 
and that appears broadened, suggests that exchange between the amine protons and 
the hydroxyl protons from the calixarene takes place at a rate that is within the NMR 
time scale. Spectral changes were also observed for the tert-butyl protons of the amine 
and all protons of the calixarene, leaving no doubt that both molecules interact.
To reinforce these two conclusions ferf-butylamine was mixed with picric acid and p- 
allylcalix(4)arene with NaOH observing downfield shifts for all the protons, in similar 
patterns as those obtained for the amine-calixarene interactions. Further confirmation 
that proton transfer occurs was the fact that the p-toluene sulfonate of p- 
allylcalix(4)arene also shifts the resonances of the ferf-butyiamine protons, but to a 
much lesser extent than the non-substituted calixarene.
It was found that solvent properties play a significant part in the catixarene-amine 
interactions. Large downfield shifts were observed46 for the tert-butyl protons of the 
amine when complexed with p-allylcalix(4)arene in dipolar aprotic solvents such as 
acetonitrile and acetone, compared to the small downfield shifts obtained when the 
non-polar solvent chloroform was used. Thus, on the basis of NMR studies, Bauer 
and Gutsche suggested that in dipolar aprotic media (acetone and acetonitrile) the 
reaction proceeds with a proton transfer from the calixarene to the amine to give a 
calixarene anion and an ammonium cation, followed by the formation of an endo-calix 
(ion-pair) complex; as illustrated in Fig. 2.11.
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Fig. 2.11. Complex formation between ferLbutylamine and calix(4)arenes
Following his previous paper, Gutsche et a l f  studied the interaction of different 
calixarenes and amines in acetonitrile solution by means of 'H NMR and UV 
measurements. Their attention was mainly focused on /?-allylcalix(4)arene (Fig. 2 .12.a) 
due to its higher solubility in organic solvents relative to other calix(4)arenes. As far as 
amines are concerned fert-butylamine and /?eo-pentylamine (Fig. 2.12.b) were 
selected.
(b)
CH,
H3C— C—CH3
NFL,
(c)
H X -
CH3
I
-c - ch3
I
ch2
I 2
nh2
Fig. 2.12. Structures of (a) /?-allylcalix(4)arene, (b) /-butylamine and
(c) »eo-pentylamine
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The proton transfer step (Kp) and the ion-pair step (Kip) were represented by eq. 2.7;
ArOH + R3N <-■?■■ > ArO’ + RaNH4 < Kip > ArCT—+HNR3 (2.7)
In the interpretation of UV spectral measurements Gutsche et a l f  indicated that the 
shifts observed appear to arise primarily as a result of the first step, while lH NMR 
measurements assess the net result of both steps, shown in eq. 2.7.
Proton chemical shifts and relaxation time values were reported81,116 for the amines 
and the calixarene in CD3CN solution at 289 and 243 K. Tables 2.8, 2.9 and 2.10 
present the literature values at these temperatures.
Downfield shifts were obtained in all the amine resonances, being interpreted as a 
measure of the extent of proton transfer from the phenol to the amine. The fact that the 
relaxation time values show the reverse pattern support the idea that factors other than 
the basicities of the amines must come into play in determining the chemical shift 
values.
Similar experiments were carried out for different calix(4)arenes and phenols with 
ferZ-butylamine in acetonitrile, suggesting that all o f them interact with the amine. 
However, some compounds require a large excess of the amine to cause a shift of the 
same magnitude as that obtained with p-allylcalix(4)arene46.
Using />-allylcalix(4)arene as host molecule, a variety of amines were investigated. 
The results showed a notable difference between these amines and the selected 
calixarene, probably as a consequence of the different basicities of the amines and 
steric factors46,81.
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Table 2.9. Chemical shift values, in ppm, for the protons in p-allylcalix(4)arene alone 
and in the presence of equimolar amounts of /-butylamine and neo- 
pentylamine in CD.CN81
5 (ppm)
TEMPERATURE POSITION 1 1 + 1 +
K /-BUTYLAMINE AEO-PENTYL AMINE
289 b 5.837 5.854 5.850
c 4.927 4.974 4.976
d 3.160 3.126 3.132
243 a 6.903 6.753 6.756
b 5.744 5.795 5.798
c 4.903 4.918 4.912
d 3.131 3.071 3.073
e 4.119 4.188 4.260
3.404 3.122 3.137
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Table 2.10. Relaxation time values for the protons of /?-allylcalix(4)arene alone and in 
the presence of equimolar amounts of /-butylamine and wo-pentylamine in 
CD3CN81
T, (s)
TEMPERATURE POSITION I 1+  1 +
K /-BUTYLAMINE AEO-PENTYL AMINE
a 1.945 1.197 1.720
b 4.758 3.772 4.190
c 2.994 2.055 2.677
d 1.234 0.657 1.073
a 0.929 0.752 0.802
b 2.386 2.079 2.253
c 1.327 1.117 1.224
d 0.575 0.520 0.492
e 0.252 0.194 0.234
0.265 0.194 0.234
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Dilute solutions containing several calixarenes and amines at different concentrations 
in acetonitrile were used to carry out UV measurements. The spectra showed a change 
from an absorption pattern having a major peak at 280 nm and a flat shoulder at 290 
nm to one possessing a single, more intense, peak at 292 nm and a new, less intense, 
peak at 310 nm.
Dissociation constants for the calixarenes in the presence of amines were obtained by 
UV measurements in acetonitrile. The data were analysed by the Hildebrand-Benesi 
equation;
[H] 1 | 1
a a 33I K a-'W tG ]
(2 .8 )
where [H] is the concentration of the host (calixarene), [G] is the concentration of the 
guest (amine), [HG] is the concentration of calixarene-amine complex, A3U is the 
absorptivity at 311 nm, eHG is the molar absorptivity of the calixarene-amine complex 
and Ka is the equilibrium constant for the following reaction in acetonitrile (AN);
(AN) + G,(AN) <-> HG,(AN) (2.9)
Literature values are shown in Table 2.11. The data show that the stability constants 
for the interaction of calix(4)arene and amine are about 106. These constants represent 
the product of the proton transfer step, being the larger fraction of the overall 
constant, and an endo-calix forming step, which represents the smaller fraction.
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Table 2.11. Overall association constants for calixarene-amine interactions in 
acetonitrile at 298 K81
terf-butylamine Heo-pentylamine
/?-allylcalix(4)arene
/?-fe//-butylcalix(4)arene
1.3 x 104 9.7 x 103
2.2 x 104 3.0 x 104
/?-fer/-butylbishomooxa- 2.0 x 103
calix(4)arene
/?-fe/7-butylcalix(6)arene 3.7 x 105
2.4 x 103
8.0 x 105
The interactions of triethylamine with calix(4)arene containing p-nitrophenol unit in 
dioxane have been recently discussed by Bohmer and Vi cens117. They reported the 
formation of an amine-calix(4)arene (ion-pair) adduct. Nearly the same stability 
constants were observed for the adducts formed between the cyclic tetramer and the 
corresponding linear trimer with triethylamine in dioxane, indicating that in both cases 
the interactions are quite similar. Therefore, for this calix(4)arene formation of an 
endo-calix complex with the amine did not occur in dioxane. Comparing the results 
obtained by Gutsche et a/.81 and Bohmer and Vi cens117 it is very interesting to point 
out the effect that the solvent has on these reactions. These results are in no way 
contradictory because it is expected that, in solvents of such low dielectric constants 
such as chloroform and dioxane, most of the species in solution are to be found as ion- 
pairs. It is also known that dioxane interacts with phenol and their thermodynamic data 
have already been reported118. Thus, similar type of interactions are expected to be 
found between this organic solvent and calixarenes and if so, dioxane is likely to 
compete with the amine for interaction with the calixarenes.
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In 1991 Gormar and co-workers119 reported the interactions of p-tert- 
butylcalix(n)arenes (n = 4,8) and different cyclic amines, including diamines, in 
acetonitrile by means of UV spectrometry. The formation of 1:2 amine-calix(n)arene 
complexes were found for diamines. They also found that the cyclic amine containing a 
nitroxyl (N-O) radical does not react with these ligands by proton transfer reaction. A 
series of stability constants were reported by these authors, but no indication was given 
as to which process the data are referred to.
2 3 AIMS OF THE PRESENT WORK
The main aim of this thesis is to investigate interactions between synthetic 
macrocyclic compounds and neutral species in solution by the use of various 
techniques such as titration calorimetry, electrochemical methods and NMR 
spectrophotometric studies.
Previous work carried out at the Thermochemistry Laboratory involving macrocyclic 
hosts (18-crown-6 and cryptand 222) and DL-amino acids in methanol described in 
the introductory part of this thesis suggests that further research in this area is required 
in order to get a better understanding on these systems. Considering that the natural 
occurring amino acids are the L-enantiomers, their interactions with the monocyclic 
18-crown-6 and the bicyclic cryptand 222 has to be considered using methanol as the 
reaction medium. The choice of these ligands and this particular solvent will allow 
comparisons to be stab lished between this work and data for DL-amino acids 
previously reported. These studies are to be followed by NMR measurements in order 
to i) obtain structural information about amino acid-macrocyclic interactions in 
solution, and ii) check the validity of suggested interactions between these host-guest
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system s based on com puter modelling calculations.
Due to the current interest in calixarene chemistry, the important properties of these 
relatively new macrocyclic compounds and the lack of detailed thermodynamic data on 
these compounds, research will be focused on:
i)The solution thermodynamics of parent calix(n)arenes (n = 4,6,8) in various 
solvents which so far has not been considered despite the important role of the 
solvent in binding processes involving macrocyclic ligands.
ii) and 13C NMR studies of calix(4)arene ester derivatives in various solvents in an 
attempt to elucidate the effect of the solvent on these ligands characterised by the 
presence of a hydrophobic cavity residing between the aromatic rings and another 
of hydrophilic character created by the ester moieties. While the former is' able to 
interact which neutral species, the latter appears to be selective for metal cations. 
It is indeed, the hydrophobic cavity which confers these ligands distinctive 
properties relative to crown ethers (hole) and cryptands (cavity) both of which 
contain only hydrophilic regions.
iii) Electrochemical, thermodynamic and structural studies of the interaction of two 
neutral compounds; /?-fe/7-butylcalix(n)arene (n -  6,8) and amines in benzonitrile. 
The choice of this solvent is based on its low water solubility which will allow the 
direct partitioning of amines in the water-benzonitrile solvent system in the 
presence and absence of calixarenes in the organic phase. Finally, attempts will be 
made to assess the effect of the macrocyclic ligand in the organic phase on the 
transfer of amines from water taking into account the various parameters which 
are likely to contribute to the overall extraction of amines from aqueous solutions 
by parent calixarenes.
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CHAPTER 3
E X P E R I M E N T A L  P R O C E D U R E S
A. EXPERIMENTAL PROCEDURES FOR THE STUDY OF AMINO ACID- 
MACROCYCLIC LIGAND INTERACTIONS EN SOLUTION
3.1. REAGENTS USED
3.1.1. Macrocyclic ligands
Macrocycles used were 18-crown-6 (Aldrich Chem. Co. Ltd., Dorset, England, 99% 
of purity) and cryptand 222 (or Kryptofix 222; Fluka Chemicals Ltd., Derbyshire, 
England).
3.1.2. Substrates
The amino acids L-alanine, L-threonine and L-cysteine were purchased from 
Lancaster, MTM Research Chem. Ltd., Lancashire, England; and glycine, DL- and 
D- alanine, DL-, Lr and D- valine, DL-, L- and D- leucine, DL-, L- and D- 
isoleucine, DL-, L- and D- phenylalanine, DL- and L- tryptophan, DL-, L- and 
D- methionine, DL-, L- and D- serine and L-proline were purchased from Aldrich 
Chem. Co. Ltd., Dorset, England.
Glycine hydrochloride and L-Amino acid salts were obtained from Aldrich Chem. 
Co. Ltd., Dorset, England.
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Glycine methyl ester hydrochloride and L-tyrosine methyl ester hydrochloride
were purchased from Aldrich Chem. Co. Ltd., Dorset, England. L-alanine, L-valine, 
L-leucine, L-phenylalanine, L-serine and L-methionine methyl esters 
hydrochloride were purchased from Lancaster, MTM Research Chem. Ltd., 
Lancashire, England.
The dipeptide Glycyl-glycine was purchased from Sigma Chem. Co. Ltd., Dorset, 
England.
3.1.3. Solvents
Methanol, HPLC Grade, was purchased from Fisons, FS A Laboratory. Acetonitrile 
and chloroform, AR Grade, were purchased from Fisons, FSA Laboratory.
3.2. PURIFICATION OF REAGENTS
3 .2.1. Macrocyclic ligands
3.2.1.1. 18-crown-6
The macrocyclic ligand 18-crown-6 was purified by sublimation9, before being used. 
In the heated system the pressure was diminished by pumping, and the vapour was 
condensed onto a cold finger.
The optimum conditions were:
a) temperature of oil bath between 418-423 K
b) vacuum pressure about 0.05-1 mm Hg
Dry-ice acetone, placed in a cold finger, was used in order to cool the vapours. The
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apparatus in which the experiment was carried out is shown in Figure 3.1.
Under such conditions 18-crown-6 (5g) was sublimed for three hours. When the 
system had cooled down the ciystals formed on the cold finger were removed 
carefully. The pure white crystals were stored in a desiccator.
The microanalysis of the ligand was carried out and the results obtained were in 
satisfactory agreement with the theoretical values (Found: C, 54.69; H, 9.24 %. Calc. 
C, 54.53; H, 9.15%).
, Dry-ice acetone
Fig. 3.1. Apparatus used for the sublimation of 18-crown-6
3.2.1.2. Cryptand 222 
Cryptand 222 was used without further purification after drying in vacuo, and stored 
in a desiccator over CaCl2 and kept in the dark.
The microanalysis of the sample was performed and the results obtained were in 
good agreement with the theoretical ones (Found: C, 57.66; H, 9.79; N, 7.55 %. Calc. 
C, 57.42; H, 9.64; N, 7.44 %).
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3.2.2. Substrates
DL-, L-, and D- amino acids, glycine hydrochloride and L-amino acid salts, as well 
as amino acid methyl esters hydrochloride were placed under vacuo overnight in a 
diying pistol, before using.
3.2.3. Purification of solvents
3.2.3.1. Methanol
Methanol (MeOH) was purified according to the procedure described by Vogel120, 
which involves the following reactions:
2 MeOH + Mg(S) -» H2(g) + Mg(OMe)2 (3.1)
Mg(OMe)2 + 2H 20  -» 2 MeOH + Mg(OH)2(s) (3.2)
Clean dry magnesium turnings (5 g) and iodine (0.5 g) were added to methanol (50 
ml). Then, the mixture was warmed until the iodine had disappeared. Heating was 
continued until the magnesium was completely converted into magnesium methoxide. 
The alcohol was then added, and after refluxing for 30 minutes, methanol was further 
purified by fractional distillation.
The water content of the solvent determined by Karl Fischer titration was found to 
be less than 0.025 %. The physical constants of methanol are reported in Table 3.1.
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Table 3.1. Physical properties o f  m ethanol120
Molecular weight 
Freezing temperature (K) 
Boiling temperature(K) 
Density (g/cm3)
Viscosity (cP)
Dielectric constant
337.6
175.2
32.04
32.70
0.7866
0.5445
3.2.3.2. Acetonitrile
Acetonitrile or methyl cyanide was purified by fractionally distilling, from calcium 
hydride (Catty). Only the middle part was collected. The water content of the solvent 
determined by Karl-Fischer titration was found to be less than 0.02 %.
3.2.3.3. Chloroform
Chloroform usually contains about 1% ethanol as stabiliser to suppress air oxidation 
to phosgene (carbonyl chloride). Hence, this solvent was passed through a column of 
grade I activated alumina (about 25 g/500 mi CHCI3)121. The percentage of water in the 
solvent was analysed by Karl-Fischer titration, and the value found was 0.014%.
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3.3. SYNTHESIS AND CHARACTERISATION OF AMINO ACID 
MACROCYCLIC LIGAND COMPLEXES
3.3.1. Preparation of amino acid-macrocydic ligand (I8-crown-6, cryptand 222) 
complexes
The different amino acid-macrocyclic ligand complexes were made by weighing the 
stoichiometric amount of each substance to achieve 1:1 complexes. These amounts 
were calculated taking into account the molecular weights, indicated in Table 3.2.
Table 3.2. Molecular weights of 18-crown-6, cryptand 222 and different amino acids
SUBSTANCE Mw
18-crown-6 264.32
Cryptand 222 376.50
Glycine 75.07
Alanine 89.09
Valine 117.10
Leucine 131.20
Isoleucine 131.20
Phenylalanine 165.19
Tryptophan 204.23
Methionine 149.20
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Appropriate amounts of ligand and amino acid quantitatively weighed (to 0.00001 g) 
on a Mettler AE240 balance were placed in an erlenmeyer flask, and methanol was 
added immediately. The solution was heated and stirred until the complex was 
completely dissolved in methanol. The clear solution attained was left until the crystals 
appeared at the bottom of the flask. Once the crystals were obtained, these were dried 
in a desiccator overnight. Next day the crystals were stored in a drying pistol. 
Microanalyses of all the crystals were carried out.
3.4. SOLUBILITY MEASUREMENTS
3.4.1. Experimental procedure
The saturated solutions were obtained by adding an excess of the solid to the 
solvent. The mixtures were shaken and kept in a thermostated bath (298.15 ± 0.01 K) 
for seven days. Samples were taken at the equilibrium temperature and analysed 
gravimetrically as follows.
Evaporating basins were placed into a desiccator during one hour and then weighed 
in a precision balance (Mettler AE240) until constant weight. The solutions were 
filtered and aliquots of the filtrate were placed in these glass basins. Then, the solvent 
was allowed to evaporate slowly by applying low heat. After complete evaporation, 
the basins were placed again in the desiccator, and their weights were taken after total 
dryness. The amount in grams of the solid in the basin was calculated by differences in 
weight. Measurements were carried out in triplicate.
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3 .5. TITRATION CALORIMETRY
3 .5 .1. Principles of the technique
Titration calorimetry is a technique developed and applied extensively by Christensen 
et a l}22 and Eatough et a/.123,124, where one reactant is titrated into another and the 
temperature of the system is measured as function of the titrant added. The 
temperature change may be due to a chemical reaction or a physical interaction 
between the titrate and the titrant. The titration is usually carried out under conditions 
as adiabatic as possible.
The reactant in the burette is titrated into the reaction vessel, containing the solvent. 
The temperature change of the reaction is detected by the thermistor and converted to 
a corresponding voltage in a Wheatstone bridge circuit. The voltage is amplified in the 
amplifying circuit and recorded on a strip-chart recorder.
3.5.2. Analysis of a thermogram
The experimental data obtained by using titration calorimetry are in the form of a 
thermogram, which is simply a plot of temperature versus moles of titrant added 
during a titration.
A typical thermogram for a continuous titration run for an exothermic reaction is 
presented in Figure 3.2. Region a indicates the net heat gain of the reaction vessel and 
contents before the titration starts. The slope of the line is a function of different side 
heats, such as stirring, resistance heating across the thermistor, and heat leaks. Region 
b indicates the heat rise due to the reaction which takes place in the reaction vessel 
plus several heat effects resulting from (a) the dilution of titrant and titrate, (b) the 
different temperature between titrant and titrate, and (c) the heat effects mentioned for
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R egion  a. R egion d is generated  after the titration  is completed.
Fig. 3.2. Typical thermogram obtained from a continuous titration calorimeter
3.5.3. Heat corrections
When a titrant is added to a reaction vessel, containing the solvent and the substrate, 
the total heat (gross heat) produced does not involve only the heat of complexation but 
also different heat effects originated by side reactions:
1) Non-chemical energy terms
2) Temperature difference between titrant and titrate
3) Dilution of titrant and titrate
3.5.3.1. Non-chemical energy terms
Non-chemical contributions to the total heat include the energy associated with the 
stirring of the solution, heat losses between the reaction vessel and its surroundings,
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and resistance heating of the thermistor. It is assumed that the Newton's law of 
cooling125 is obeyed. At any point P, these contributions may be evaluated from the 
following equations,
(3.3)
y
where q^p , , q^y are the rates of heat loss at point P, point x and point y,
respectively. TP, Tx and Ty are the temperatures at point P, point x and point y, 
respectively.
The total contribution of the non-chemical heat effects from the start of the titration 
(point x) to any time during the run (point P) is shown in eq. 3.4,
3.5.3.2. Temperature difference between titrant and titrate
The temperature of the titrant and titrate at a given point x should be the same, but in
burette in the thermostated bath of the calorimeter to reach the same temperature as 
the vessel.
3.5.3.3. Dilution of titrant and titrate
This heat effect occurs as a result of chemical changes such as solvation, hydrolysis, 
and ion pairing; and it depends on the concentration of the species present in solution. 
The heat of dilution can be determined either experimentally or from available
Q h l ,p J (3.4)
practice this identity is difficult to achieve. The effect can be minimised by keeping the
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3.5.4. The Hart Scientific 5021 Calorimeter
3.5.4.1. Description
The Hart Scientific 5021 Calorimeter is an isothermal/isoperibol calorimeter. It is 
equipped with a burette (2.5 ml) connected to the reaction vessel (50 ml) by a silicon 
tubing with a needle attached to its end (see Fig. 3.3.). The system is connected to a 
computer which controls the accurate injection of the titrant solution.
3.5.4.2. Experimental procedure
The technique used was incremental titration, which can be described as follows: a 
solution of 18-crown-6 or cryptand 222 (0.1 mol.dm'3) in methanol was filled into the 
burette, to which the silicon tube was connected. Then, 50 ml of the amino acid 
solution (3 x 10'3 -  5 x IO"4 mol.dm3) in methanol were pipetted into the reaction 
vessel and placed in the calorimetric tray. The whole system was immersed in a 
thermostatic water bath, kept at 298.15 K, and allowed to reach thermal equilibrium. 
Afterwards, the solution of 18-crown-6 was added, for a given time (10 s) at a fixed 
Burette Delivery Rate (BDR). A chart recorder was used to monitor the reaction 
occurring in the reaction vessel. After eveiy titrant addition, an electrical calibration 
was carried out.
The heats of dilution of the 18-crown-6 and cryptand 222 ligands were checked by 
adding the same amount of titrate used during the reaction experiment to pure 
methanol (50 ml). Both heats of dilution of 18-crown-6 and cryptand 222 in methanol 
under the experimental conditions used in this work were found to be negligible.
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and C oo l ing  Water Connect ions
Fig. 3.3. The Hart Scientific 5021 Calorimeter
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3.5.5. Calibration of the equipment
3.5.5.1. Burette calibration
The Burette Delivery Rate (BDR) was determined in order to correlate the observed 
data with the moles of titrant added at different times, while the titration was taking 
place. It was done by measuring the weight of solvent delivered by the burette to the 
reaction vessel as a function of time.
The BDR, in ml. s'1, was calculated from the following equation:
B D R = —  (3.5)
P 't
where w is the weight of solvent in grams, p is the density of solvent at the 
temperature of calibration, and t is the collection time in seconds.
The solvent used to carry out the experiment was methanol. The results will be 
shown in section 4.5.1.
3.5.5.2. Standard reactions
The heat of protonation of THAM [tris(hydroxymethyI)-aminomethane] was 
measured in order to check the accuracy and reproducibility of the calorimeter, in 
particular the electrical heater and measuring devices. It is a well known standard 
chemical reaction with enthalpy values already established128.
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H ea t o f  protonation  o f  THAM a t 298.15 K
The reaction of protonation of THAM with hydrochloric acid, proposed by Wilson 
and Smith129, is as follows;
Its reported130 value of enthalpy is ApH° = - 47.49 kl.mol'1
An aqueous THAM solution (0.2479 mol.dm'3) placed in the burette was 
incrementally titrated into the reaction vessel containing an aqueous solution of HC1 
(0.1 mol.dm'3; 50 ml).
The increments were added at a BDR of 100 steps/s over a 10 s interval, giving art 
incremental volume of 0.1326 ml.
The heat of reaction, Qr, was determined over eight additions, but had to be 
corrected for the heat due to the hydrolysis of THAM in water, Qh, and to the heat of 
dilution of the THAM in the volume of water placed in the reaction vessel, Qd. QP is 
thus;
The hydrolysis reaction of THAM in aqueous solution may be represented by;
H2NC(CH20H)3(s) + H30 +(,q) -> *H3NC(CH2OH)3M  + H20 (aq) (3.6)
Qp = Qr-Qh-Qd (3.7)
THAM + H20  -> HTHAJvT + OIF A^H0 (3.8)
where the hydrolysis constant, Khis given by;
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_ [HTHAM+HOH-] 
l' [THAM]
The concentration of OH" in the initial aqueous solution can be calculated from eq. 
3.10;
[OH7] = (Kh [THAMt]),/2 (3.10)
Thus, in this case [OH7] = 5.40 x IO"4 mol.dm'3
The enthalpy associated with the hydrolysis reaction was calculated from the 
following equation;
Qr = [OH“]-V-AhH (3.11)
where V is the volume added in each step from the burette, and AhH is the heat of 
formation of water;
Hf + 0 H " -> H 20  (3.12)
log Kh -  14.00
and th e  reported  value expressed as log K h =  -5.929
-iAhH° = -51.63 kJ.mol
The enthalpy change of the protonation reaction, APH, is expressed as;
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ApH =  —  (3 .13)
where n is the number of moles of OH" and Qp is the heat effect in joules.
The results obtained for the enthalpy of protonation of THAM in 0.1 mol,dm'3 
hydrochloric acid at 298.15 K will be given in section 4.5.1.
3 6. NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY
3.6.1. ‘H NMR measurements
’H NMR Spectra were obtained using a Bruker AC-300 NMR spectrophotometer at 
a spectral frequency (SF) of 300.135 MHz, delay time of 1.60 s, acquisition time (AQ) 
of 1.819 s, and a line broadening (LB) of 0.55 was applied. The appropriate solutions 
of amino acids, macrocyclic ligands, and amino acid-macrocyclic ligand complexes (1 
x 10'3 -  5 x 10'2 mol.dm'3) in CD3OD were placed in 5 mm NMR tubes, using TMS as 
internal reference. All the spectra were obtained at 298K.
B EXPERIMENTAL PROCEDURES FOR THE STUDY OF 
CALIXARENE - ORGANIC SOLVENT INTERACTIONS
3.7.  REAGENTS USED
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3.7.1. Calixarenes
Different calixarenes were chosen in order to study their interactions with organic 
solvents.
3.7.1.1. Parent calixarenes
/?-tert-Butylcalix(n)arenes (n = 4,6,8) were purchased from Aldrich (Aldrich Chem. 
Co. Ltd., Dorset, England).
3.7.1.2. Calixarene esters
Methyl />-fe/Y-butylcaIix(4)arene tetraacetate (TME), ethyl p-tert-butyl 
calix(4)arene tetraacetate (TEE), and butyl />-fc/*t-butyIcalix(4)arene tetraacetate
(TBE) were synthesized in the Organic Chemistry Laboratory of Universidad Nacional 
del Sur, Bahia Blanca, R. Argentina.
3.7.2. Solvents
Methanol (EOPLC grade, Fisons, FSA Laboratory), ethanol (AR Grade, May & 
Baker), N,N-dimethylformamide, acetonitrile, acetone, chloroform (AR grade, 
Fisons, FSA Laboratory), ra-hexane (Rhone-Poulenc Ltd.), and benzonitrile (Aldrich, 
Chem. Co. Ltd., Dorset, England) were used as organic solvents to perform the 
solubility and NMR measurements.
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3 .8.  PURIFICATION OF REAGENTS
3.8.1. Calixarenes
p-/er/-Butylcalix(n)arenes (n = 4,6,8) were used without any further purification 
after being dried under vacuo, and placed on a desiccator over CaCl2.
3.8.2. Solvents
3.8.2.1. Alcohols
Methanol and ethanol were purified as described in section 3.2.3.
3.8.2.2. Acetonitrile
Acetonitrile was purified as described in section 3.2.3.2.
3.8.2.3. Chloroform
Chloroform was purified as described in section 3.2.3.3.
3.8.2.4. Benzonitrile
Benzonitrile was dried with CaCl2 and distilled from P20 5 in all-glass apparatus, 
under reduced pressure131, collecting the middle fraction, which was redistilled after 
refluxing the solvent for a few hours. Karl-Fischer titration was used in order to 
analyse the amount of water in the solvent, which was found to be less than 0.01 %.
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3.9. SOLUBILITY MEASUREMENTS
3.9.1. Experimental procedure
For the solubility measurements, saturated solutions of/?-te/7-butylcalix(n)arenes (n = 
4,6,8) were obtained by adding an excess of solute to each solvent (methanol, MeOH; 
ethanol, EtOH; N,N-dimethylformamide, DMF; acetonitrile, MeCN; /7-hexane, /7-Hex; 
chloroform, CHC13; and benzonitrile, C6H5CN). They were left in a thermostated bath 
at 298.15 K for several days in order to reach equilibrium. Aliquots were removed 
after filtration and analysed by gravimetric or spectrophotometric methods.
3.9.1.1. Gravimetric method
The amount of parent calixarenes in methanol, ethanol, N,N-dimethylformamide and 
benzonitrile was determined by the use of the gravimetric method, following the same 
procedure as described in section 3.4.1. Due to the high boiling point of benzonitrile 
(461 K), the solutions of calixarenes in this solvent were evaporated at high 
temperature. To obtain complete dryness of the crystals, they were left in a desiccator 
under vacuo for three days.
3.9.1.2. Spectrophotometric method for the determination of j7-fe/V-butvlcalix('8Wene
UV spectrophotometry was the analytical technique used to determine the 
concentration of /?-fe/7-butylcalix(8)arene in acetonitrile, /7-hexane, and chloroform; 
and from these data, solubility values for the cyclic octamer in these solvents at 298.15 
K were derived. A Philips PU 8740-8720 spectrophotometer was used for these 
measurements. A series of solutions of different concentrations of calixarene (1.55 x
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10'6-  1.96 x 10'5 mol.dm'3) were prepared as standards in the respective solvents. 
Blank samples were also prepared. Aliquots of the saturated solutions were diluted and 
analysed to measure the correspondent absorbance at the appropriate wavelength. 
Then, the concentration of calixarene was calculated from the calibration curve.
Figs. 3.4-3.6 show the calibration curves ofp-fe/7-butylcalix(8)arene in acetonitrile, 
/2-hexane and chloroform at 298 K
y = a + m x 
a = 0.031 ±0.011 
m = 95347 ±3521 
r2 = 0.9994
Fig. 3.4. Spectrophotometric calibration curve of /?-fe/7-butylcalix(8)arene in 
acetonitrile at 298 K
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y = a + m x 
a = 0.035 ±0.018 
m = 102871 ±5214 
r2 = 0.9991
Fig. 3.5. Spectrophotometric calibration curve of p~fc/7~butylcalix(8)arene in rc-hexane 
at 298 K
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y = a + m x  
a = 0.015 ±0.008 
m = 30631 ± 1322 
r2 = 0.9999
Fig. 3.6. Spectrophotometric calibration curve of y>-fc/7-butylcalix(8)arene in 
chloroform at 298 K
The wavelengths of maximum absorption were 289.9 nm for acetonitrile, 290.5 nm 
for «-hexane and 291.1 nm for chloroform. The molar absorption coefficients e in 
dm3.mol'1.cm'1 of /?-fe/7-butylcalix(8)arene in these organic solvents were calculated 
using the Beer-Lambert's law;
A = e - c - l  (3 .14)
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where A is the absorbance at a given wavelength, e is the molar absorption coefficient, 
c is the concentration of calixarene in mol.dm'3 and 1 is the length of the absorption 
layer. The calculated s values are 2.4 x 104 dm3.mol’1.cm'1 in acetonitrile, 2.6 x 104 
dmlmoU.cm'1 in 77-hexane and 3.1 x 104 dm3.mol'1.cm'1 in chloroform.
3 . 1 0 . and 13C NMR MEASUREMENTS
*H and 13C NMR spectra were obtained using a Brucker AC-300 NMR 
spectrometer. ’H NMR experiments were run in the same conditions as previously 
described in section 3.6.1. The solutions of calixarene esters (1 x 102 -  2 x 10'2 
mol.dm'3) in CDC13, CD3CN, d6-acetone and benzonitrile were placed in 5 mm NMR 
tubes, using TMS as internal reference and dimethylsulphoxide (DMSO) as external 
lock for benzonitrile. 13C NMR spectra were obtained at a spectral frequency (SF) of 
75.469, spectral width (SW) of 301.15 ppm, pulse width of 35 0, delay time of 0.279 
s, acquisition time (AQ) of 0.721 s, and a line broadening (LB) of 1.40 was applied. 
The calixarene ester solutions (2 x 10'2 -  4 x 10'2 mol.dm'3) in acetonitrile and 
benzonitrile were placed in 10 ml NMR tubes with a capilar of dimethylsulphoxide 
(DMSO) as external lock. TMS was used as internal reference. All spectra were 
obtained at 298 K.
C EXPERIMENTAL PROCEDURES FOR THE STUDY OF AMINE - 
CALIXARENE INTERACTIONS
3 11 REAGENTS USED
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3.11.1. Parent calixarenes
/;-te/*t-ButyIcalix(6)arene and p-te/Y-butylcalix(8)arene, purchased from Aldrich 
(Aldrich Chem. Co. Ltd., Dorset, England), were used to carry out these studies.
3.11.2. Amines
Cryptand 222 (Cry 222) and cryptand 22 (Cry 22) (both from Fluka), 
triethylamine (TEA) (Aldrich), fcrt-butylamine (TBA) (Aldrich), atropine and 
tropine (Sigma), and 1-aminoadamantane (Fluka) were chosen as amines.
3.11.3. Solvent
Benzonitrile (Aldrich, 99%) was selected as the organic solvent. It is a dipolar 
aprotic solvent. Its physical constants are reported in Table 3.3.
Table 3.3. Physical constants of benzonitrile
Molecular weight 103.12
Freezing temperature (K) 260
Boiling temperature (K) 461
Density (g/cm3) 1.0005
Viscosity (cP) 0.01244
0.01237
Dielectric constant 25.200
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3 12 PURIFICATION OF REAGENTS
3.12.1. Calixarenes
p-tert-Butylcalix(n)arene (n = 6,8), purchased from Aldrich, were dried overnight 
under vacuo before use.
3.12.2. Purification of amines
Cryptand 222, cryptand 22, atropine, tropine and 1-aminoadamantane were used 
without further purification, after being dried under vacuo.
Triethylamine, and te/7-butylamine were distilled using the method reported in the 
literature132 after drying with KOH pellets.
3.12.3. Purification of benzonitrile
Benzonitrile was purified as described previously (section 3.8.2.4.). The conductivity 
of benzonitrile was 3.5 x 10°8 S. cm'1.
3 13. SYNTHESIS AND CHARACTERISATION OF AMINE 
CALIXARENE COMPLEXES
p-/er/-Butylcalix(n)arene (n = 6,8) was weighed (0.4 -  0.5 g) and poured into an 
erlenmeyer flask. Acetone was added, and then, triethylamine was very slowly added 
until completely dissolution of the calixarene. Precipitation of the complex was induced 
by the addition of a few drops of water. After shaking the solution, the mixture was
1 0 7
left in a cupboard for a month in order to allow the formation of crystals. Afterwards, 
the crystals were filtered off very carefully and they were characterised by several 
techniques (NMR, which gave the prove that the complexes were formed, 
microanalyses and attempts are being made to obtain their X-ray structures).
3 14. CONDUCTEMETRY
Conductance measurements were carried out using the Wayne-Kerr Autobalance 
Bridge, type B642.
3.14.1. Apparatus
The Wayne-Kerr B642 is an autobalance transformer ratio arm bridge for the 
measurement of admittance or impedance133.
Capacitance and conductance are displayed simultaneously on two meters. Four 
decades for capacitance and other four for conductance are operated in succession, 
being each of them supplied with a numbered readout. Decimal points are indicated by 
small signal lamps placed between the decade control knobs, which are selected 
automatically by operation of the range switch.
The sensitivity of the apparatus is adjusted manually by setting the meter sensitivity 
switch to one of the three normal positions. Then, the meter sensitivity switch is set to 
Auto, changing automatically as the first two decade controls are set. Bridge accuracy 
using the internal sources is 0.1% provided all decades are in use.
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The bridge was calibrated by recording the bridge reading at balance positions for 
different standard resistance E, as indicated in the Operating Instructions Manual133.
3.14.2. Determination of the cell constant
The conductivity cell consists of a cylindrical vessel of about 200 ml capacity, with 
black platinum electrodes and two S-shaped capillary side tubes. The cell was such that 
the samples were injected through one of the small holes placed on its cap. Nitrogen 
was passed through to provide uniform distribution of the species in solution, as well 
as to keep the solution free of C02.
The cell constant (0) of the conductivity cell was determined using the method 
described by Jones and Bradshaw134.
KC1 (BDH, Analar grade) was recrystallised twice from deionised water and dried at 
120 °C for three days.
The cell containing deionised water was kept in a thermostated bath at 298.15 K and 
a solution of KC1 (0.1004 mol.dm'3) was added by step additions. The corresponding 
molar conductances, Am, were calculated from the equation of Lind, Zwolenik and 
Fuoss135.
Am = 149.93 -  94.65 c1/2 + 58.74 c log c + 198.4 c (3.15)
This equation applies to solutions of KC1 in water up to concentrations c of about
0.012 mol.dm'3 at 298.15 K with an accuracy of 0.013 %.
T he m olar conductance o f  KC1 solutions w as used to  calculate the  specific
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conductivity, k , (eq. 3.16);
a 1000-k:Am = ---------- (3 •16)
knowing that kappa, k  = S.0 ( where S is the reciprocal of the resistance ), or k
— *0 ; the cell constant, 0, was calculated from eq. 3.17;
R
8 =  A° ' C (3.17)
1 0 0 0 -s
3.14.3. Temperature control
The conductivity measurements were carried out at a fixed temperature of 298.15K 
± 0.01 K, ensured by a thermostated water bath.
3.14.4. Preparation of the solutions
Calixarene and amine solutions in benzonitrile were prepared in order to carry out 
the titration conductimetric measurements.
3.14.4.1. Calixarene solutions
The empty conductivity cell was weighed in a Sartorius balance after nitrogen was 
passed through it, Wr Then, /?-fe/7-butylcalix(n)arene accurately weighed on a 
precision balance (Mettler AE240), W2, was added to the cell. Next, benzonitrile was 
poured into the ceil until the platinum electrodes were covered. Finally the cell was 
weighed again, W3.
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The weight of pure solvent, Ws, was obtained by weight difference (Ws = W3 - W2 - 
W,). Knowing the weight of pure solvent and its density at 298 K, the volume of pure 
benzonitrile was calculated.
3.14.4.2. Amine solutions
The solutions were made up in 50 ml volumetric flasks with ground stoppers, which 
were washed with deionised water and dried thoroughly, before being used.
The concentrations of the amine solutions used for the titration with p-tert- 
butylcalix(8)arene were:
a) Cryptand 222; 1.00 x 10'3 mol. dm’3
b) Cryptand 22; 1.40 x 10"3 mol.dm'3
c) Triethylamine; 1.59 x 102 mol.dm-3
d) ferf-Butylamine; 3.90 x 10'2 mol.dm'3
e) Atropine; 1.64 x 10~2 mol.dm"3
f) Tropine; 1.48 x 10"2 mol.dm'3
g) 1-Aminoadamantane; 6.46 x 10‘3 mol.dm*3
and those used for the titration with /?-fer/-butylcalix(6)arene were:
h) Cryptand 222; 6.25 x 10"3 mol.dm"3
i) Cryptand 22; 5.97 x 10'3 mol.dm'3 
j) Triethylamine; 7.77 x 10"3 mol.dm'3 
k) fe/7-butylamine; 7.44 x 10 3 mol.dm"3
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3.14.5. Conductance titration measurements of /j-fert-butylcalix(n)arene 
(n = 4,6) and amines in benzonitrile at 298.15 K
Before any measurement was done the cell was perfectly cleaned, washed with 
deionised water, and dried overnight in an oven at 413 K.
The appropriate calixarene solution in benzonitrile was poured into the cell and left 
to reach thermal equilibrium. The conductivity of this solution was measured before 
any addition of the amine solution (3.5 - 7 x 10"8 S. cm'1), and after nitrogen was passed 
through it. Next, the amine solution was titrated into the cell using a glass burette. For 
each step the volume was measured, and the conductivity reading was taken. The 
molar conductance was calculated from mean conductivity readings.
3.15. TITRATION CALORIMETRIC MEASUREMENTS
Calorimetric titrations were performed using an isoperibol titration calorimeter 
described before. A computer simulation program136 was used to calculate the optimal 
concentrations of the amine and the calixarene to be used in the calorimetric runs and 
therefore, errors in the equilibria and enthalpy data are minimised.
3.16. 13C NMR MEASUREMENTS
3.16.1. Relaxation time measurements
A solution of ciyptand 222 (7 mg) in CH3CN-d3 (0.5 ml) was submitted to relaxation 
time measurements using the inversion-recovery technique. Different spectra were
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recorded with scans delay between 0.1 and 10 s. The same procedure was applied to a 
solution of cryptand 222 (13 mg) and /?-te/7-butylcalix(8) arene (2.5 mg) in CH3CN-d3 
(0.5 ml). This time the delays for the different spectra were between 0.01 and 10 
seconds. This experiment could not be carried out for the calixarene alone due to its 
very low solubility in acetonitrile.
3.16.2. 13C and 13C variable temperature NMR spectra
13C NMR spectra were run in the same conditions as described before (section 3.10). 
The appropriate solutions of amine, calixarene or amine-calixarene complex (5 x 10'3 -  
2 x 10'2 mol.dm'3) in benzonitrile, were placed in 10 mm NMR tubes with a capilar of 
dimethyl sulphoxide (DMSO) as external lock. TMS was used as internal reference. 
,3C NMR spectra were obtained in the 258-368 K temperature range or at 298 K.
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CHAPTER 4
A M IN O  A C ID S  A N D  T H E I R  I N T E R A C T IO N S  
W I T H  M A C R O C Y C L IC  L IG A N D S
4.1. AMINO ACIDS. PROPERTIES.
Amino acids are the basic structural units of proteins. They consist of an amino 
group, a carboxyl group, a hydrogen atom and a distinctive -R group bonded to a 
carbon atom (a-carbon): ItyNCH(R)COOH.
Amino acids may be characterised in terms of three features; firstly, amphoteric 
behaviour due to the presence of both -NH2 and -COOH groups in the molecule; 
secondly, enantiomerism due to the presence of the asymmetric a-carbon atom (except 
glycine); and thirdly, individual characteristics depending on the nature of the 
substituents on the -R group.
In solution at neutral pH, amino acids containing one amino and one carboxylic 
group, are predominantly dipolar ions or zwitterions, +H7NCH(R)C00“) rather than 
unionised molecules137. When the solution of an amino acid is made alkaline, the 
zwitterionic form is converted into the anion (H2NCH(R)COOQ. This can be 
represented as follows;
+H3NCH(R)COO- + OH" < > H2NCH(R)COO- + ItyO (4.1)
W hen the solution o f  an amino acid is m ade acidic, the dipolar form  is converted  into
1 1 4
the  cation (4Ii/L C H (R )C O O H ), as show n in eq. 4.2;
+H3NCH(R)COO~ + H30 + < » 4H3NCH(R)COOH + H/> (4.2)
Both cationic and anionic forms are in equilibrium with the zwitterion; as it is 
presented in eq. 4.3;
Tl,NCH(R)COOH > Yl,NCH(R)COCr 0H ~ > Il,NCH(R)COO- (4.3)
Amino acids are appreciably soluble in water and insoluble in non-polar solvents like 
petroleum ether, benzene or ether.
The a-carbon atom confers optical activity on amino acids, and the two mirror- 
image forms are called L- and D- isomers (Fig. 4.1). L-forms are the only ones having 
biological activity.
COOH COOH
i i
H-C-NH, H.N-C-H
I I
R R
D-isomer L-isomer
Fig. 4.1. Absolute configurations of the L- and D- isomers of amino acids
Representative examples of amino acids were chosen to carry out the present work, 
and their formulas are shown in Fig. 4.2. Solution studies of amino acids are 
considered of great importance for the understanding of the nature of solute-solvent 
interactions, and also to find more suitable conditions for their separation and 
purification138. They are now discussed.
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I
General formula; HLN-C-H
i
R
C O O H
Glycine
Alanine
Valine
Leucine
Isoleucine
Phenylalanine
Tyrosine
Tryptophan
Glutamic acid 
Arginine
Lysine
Serine
Threonine
Cysteine
Methionine
Ornithine
R = -H 
R=-CH 3
r = - c h -c h3
I
c h3
r = - ch 2-c h -c h 3
I
c h3
r  = -c h -ch2-c h ,
I
CHj
r = - c h h O
r = - c h 2hQ - o h
R = -CH- i X i
H
R = -CH2-CH2-COOH
r  = -c h 2-ch2-c h 2-n h -c -n h 2
II
R = -CH2~CH2-CH2-CH2-NH2 
R = -CH2OH 
R = -CH-CH3
I
OH
R = -CH2-SH
r  = -c h2-ch2-s -c h 3
R  =  -C H 2-CH 2-C H 2-N H 2
F ig . 4 .2 . S tructures o f  som e amino acids
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4.2. SOLUBILITIES AND GIBBS ENERGIES OF SOLUTION OF AMINO 
ACID.18-CROWN-6 COMPLEXES, AMINO ACID SALTS AND AMINO 
ACID ESTER SALTS IN DIFFERENT SOLVENTS AT 298.15K
Most of the data reported on amino acid solubilities have been determined in 
water139,140, alcohols73,141 and mixed solvents (such as methanol + water, ethanol + 
water or 2-propanol + water)142.
Encouraged by the work carried out by Bidzilya et a 191 on amino acid-macrocycle 
interactions in acetonitrile the solubilities of different amino acids and their complexes 
were studied in this solvent. As a matter of interest, solubility data for amino acid salts 
in water and amino acid ester salts in chloroform were obtained.
Different amino acid.macrocyclic ligand (18-crown-6, cryptand 222) complexes have 
been synthesised as described in section 3.3.1, and microanalyses were carried out. The 
results obtained are shown in Table 4.1.
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Table 4.1.Microanalyses data of amino acid,18-crown-6 and amino acid.cryptand 222 
complexes.
%C % H % N
Calc. Found Calc. Found Calc. Found
Gly.l8C6 49.55 49.71 8.61 8.70 4.13 4.33
Gly. Cry 222 53.20 53.10 9.15 9.03 9.30 9.39
DL-Ala. 18C6 50.93 50.43 8.77 8.63 3.96 4.10
DL-Ala. Cry 222 54.12 54.19 9.23 9.12 9.02 9.16
L-Ala.l8C6 50.93 51.18 8.77 8.89 3.96 4.01
DL-Val.l8C6 53.48 53.44 9.18 9.12 3.67 3.43
DL-Val.Cry 222 55.92 56.03 9.52 9.40 8.51 8.78
L-Val.l8C6 53.48 53.39 9.18 9.17 3.67 3.77
DL-Leu. 18C6 54.61 54.62 9.35 9.50 3.54 3.54
DL-Leu. Cry 222 56.73 56.56 9.65 9.72 8.27 8.40
L-Leu.l8C6 54.61 54.69 9.35 9.32 3.54 3.81
DL-Ile.l8C6 54.61 54.89 9.35 9.40 3.54 3.53
DL-Ile.Ciy 222 56.73 56.00 9.65 9.50 8.27 8.00
L-Ile. 18C6 54.61 54.87 9.35 9.41 3.54 3.51
DL-Phe. 18C6 58.67 58.33 8.38 8.16 3.25 3.45
DL-Phe. Cry 222 59.86 59.93 8.74 8.51 7.75 7.53
L-Phe.l8C6 58.67 58.48 8.38 8.10 3.25 3.28
DL-Trp.l8C6 58.91 58.72 7.68 8.30 5.97 5.74
DL-Met.l8C6 49.38 49.27 8.53 8.49 3.38 4.21
Solubilities of amino acid complexes and some amino acid salts will be now 
discussed.
4.2.1. Determination of the solubility of different amino acids and amino 
acid,18-crown-6 complexes in acetonitrile at 298.15 K
The solubilities of five amino acids (Gly, DL-Ala, DL-Leu, DL-Ile, and DL-Phe)
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(HAa) and their complexes with 18-crown-6 (HAa.L) were determined in acetonitrile 
(MeCN). The processes which correspond to the equilibrium between the solid (sol) 
and a saturated solution of the appropriate amino acid and their complexes in MeCN is 
given in eqs. 4.4 and 4.5;
HAa^soi) HAa(MeCN-) (4-4)
HAa.L(SOi) HAa.L(MeCN) (4.5)
The solubility values of the amino acids in acetonitrile at 298.15 K are <10'5 mol.dm'3 
in all cases, which is not surprising knowing their low solubility in organic solvents137.
The solubility of the DL-amino acid complexes with 18-crown-6 have been 
determined in acetonitrile at 298.15 K, and these values are reported in Table 4.2.
Standard Gibbs energies of solution were obtained from solubility data. These were 
calculated from the relationship:
ASG° = -RT-In K°sp (4.6)
where R is the molar gas constant (R = 8.314 J.K'.mol1) and T is the temperature in 
degree Kelvin (T = 298.15 K).
For these calculations, the activity coefficients of the saturated solutions of these 
complexes in acetonitrile at 298.15 K were assumed to be unity. Their values are 
presented in Table 4.3.
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Table 4.2. Solubilities o f  am ino acid. 18-crown-6 com plexes in acetonitrile a t 298.15 K
AMINO ACID- SOLUBILITYa
CROWN ETHER mol.dm'3
Gly.l8C6 3.63 x 10'3
DL-Ala.l8C6 1.13 x 10'3
DL-Leu.l8C6 5.10 x lO*4
DL-Ile.l8C6 1.64 x 10'3
DL-Phe.l8C6 1.02 x 10'3
a- Average value of three measurements
The results in Table 4.2 corroborate the point that the complexed amino acids are 
much more soluble in a particular solvent than the free amino acids, due to their 
interaction with the macrocyclic ligand. Danil de Namor and co-workers73 have 
reported the solubility values of some DL-amino acids and DL-amino acid complexes 
with 18-crown-6 and cryptand 222 in methanol and ethanol at 298.15 K. Their results 
showed a large solubility enhancement for the complexed amino acids relative to the 
free amino acids. The same effect has been observed for these amino acids and their 
complexes in acetonitrile. Nevertheless, a factor of solubility enhancement cannot be 
quantitatively evaluated for the same species in this solvent due to the impossibility of 
obtaining exact data for the solubilities of the free amino acids in acetonitrile. 
Certainly, solubility data in an aprotic solvent like acetonitrile are much lower than in 
protic solvents like the alcohols, capable of entering hydrogen bond formation with 
these solutes.
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Table 4.3. Gibbs energies o f  solution o f  am ino acid,18-crow n-6 com plexes in
acetonitrile at 298.15 K
AMINO ACID- ASG°
CROWN ETHER kJ.mof1
Gly.l8C6 13.93
DL-Ala.l8C6 16.82
DL-Leu.l8C6 18.79
DL-Ile.l8C6 15.90
DL-Phe.l8C6 17.07
4.2.2. Determination of the solubility of different amino acid salts in water at
298.15 K
The solubilities of six amino acid salts [Glycine hydrochloride (Gly.HCl), L-Lysine 
monohydrochloride (L-Lys.HCl), L-Glutamic acid hydrochloride (L-Glu.HCl), L- 
Arginine hydrochloride (L-Arg.HCl), L-Tyrosine hydrochloride (L-Tyr.HCl) and L- 
Ornithine hydrochloride (L-Om,HCl)] in water were determined at 298.15 K. The 
equilibrium process is represented in eq. 4.7,
HOOC-CH(R)-NH2.HCl (sol) < > HOOC-CH(R)-NH3+(aq) + Ctyaq) (4.7)
The solubility data obtained are reported in Table 4.4.
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Table 4.4. Solubility values o f  glycine and L-am ino acid salts in w a te r at 298.15 K
SALT SOLUBILITY
mol.dm'3
Gly.HCl 6.95 ±0.03
L-Lys.HCl 2.66 ±0.05
L-Glu.HCl 2.05 ±0.08
L-Arg.HCl 2.50 ± 0.04
L-Tyr.HCl 0.02 ±0.01
L-Om.HCl 2.46 ±0.03
The large solubility observed for Gly.HCl in water must be attributed to the greater 
solvation of this amino acid salt by this solvent. However, amino acids containing more 
than one amino or one carboxylic groups in their molecules are much more soluble 
than the tyrosine salt, where the presence of a phenyl group in its molecule increases 
its hydrophobic character and therefore, a considerable drop in solubility is observed 
for this amino acid salt in water.
From solubility data, standard Gibbs energies of solution can be obtained. It is 
assumed that the amino acid salts are fully dissociated in water; and as a result, 1:1 
electrolytes are the predominant species in this solvent.
The change in Gibbs energy of solution of one mole of the amino acid salt is given 
by;
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ASG = ASG° + RT-ln aHAa+'acl~ (4.8)
a H A a .H C l
As AsG=0, when a solute is in equilibrium with a saturated solution of its ions; and 
aHAaHci = 1 in the solid state eq. 4.8 leads to;
ASG° = -RT*ln(aHAa+-acr) (4.9)
where the product is the ion-activity solubility product, Ksp of the amino
acid salt in the solvent; as shown in eq. 4.6.
The activity on the molar scale is related to the mean ionic activity coefficient y± by;
a± = Cj-Y± (4.10)
where c; is the concentration of ions in solution in mol.dm"3.
For 1:1 electrolytes the expression 4.10 is given by;
K°5p = Ci2-Y±2 (4.11)
For amino acid salts this equation is also obeyed.
With the lack of a better approximation, the mean ionic activity coefficients were 
calculated by the use of the extended Debye-Hiickel equation;
, -A-z  + -z.-Vl
l08Y±= F l . B . V T  (4 1 2 )
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where the ion size parameter a is expressed in A, z+ is the cation charge, z_ is the anion 
charge and I is the ionic strength. A and B are the Debye-Huckel constants for a given 
solvent, and can be calculated from eqs. 4.13 and 4.14, respectively;
A = 1.8246* 106 
0 - T ) 3/2
(4.13)
50.29B = ------------ (4.14)
(s-T  ) ,/2
where e is the dielectric constant of the solvent (e = 78.30 for water) and T is the 
temperature in degree Kelvin (T = 298.15 K).
The calculated values for A and B are;
A = 0.5115 mol'1/2.Il/2.K3/2 
B = 0.3291 A.mor1/2.l,/2.K,/2
Data for the solution Gibbs energies, ASG°, for the amino acid salts in water are 
reported in Table 4.5.
Standard Gibbs energies of solution are favourable for all amino acid salts but 
tyrosine, which shows a very low solubility in water due to its hydrophobic benzene 
ring in its molecule.
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Table 4.5. Standard Gibbs energies o f  solution o f  glycine and L-am ino acid salts in
w ater at 2 9 8 .15K
ELECTROLYTE SOLUBILITY a K°sp ASG°
mol.dm'3 A kJ.mol'
Gly.HCl 6.95 ±0.03 5.0 15.08 -6.73
L-Lys.HCl 2.66 ±0.05 5.8 2.78 -2.53
L-Glu.HCI 2.05 ±0.08 5.3 1.60 -1.16
L-Arg.HCl 2.50 ±0.04 6.0 2.54 -2.31
L-Tyr.HCl 0.02 ±0.01 5.4 2.7 x 10'4 20.37
L-Orn.HCl 2.46 ±0.03 5.6 2.34 -2.11
4.2.3. Determination of the solubility of several amino acid ester salts in 
chloroform at 298.15 K
The solubility values of eight different amino acid ester salts (Glycine methyl 
ester.HCl, L-Alanine methyl ester.HCl, L-Valine methyl ester.HCl, L-Leucine methyl 
ester.HCl, L-Phenylalanine methyl ester.HCl, L-Serine methyl ester.HCl, L-Tyrosine 
methyl ester.HCl, and L-Methionine methyl ester.HCl) were determined in chloroform 
at 298.15 K.
It is well known the very low solubility of free amino acids in organic solvents like 
chloroform137. Thus, their ester salts have been chosen to measure their solubility 
values in this solvent.
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The equilibrium taking place for the dissolution of the amino acid ester salt (sol) in 
chloroform can be represented as follows;
COOH COOH
> TtyN-C-BXr
I
R (CHClj)
(4.15)
R (sol)
It is considered that in a low dielectric medium such as chloroform, the amino acid 
salts are fully associated (ion-pair formation).
From solubility data standard Gibbs energy of solution for the fully associated amino 
acid esters in chloroform can be obtained. The values of standard Gibbs energy of 
solution (ASG°) of the different amino acid ester salts in chloroform at 298.15 K are 
given by;
where R is the gas constant (R = 8.314 J.mol'1), T is the temperature in degree Kelvin 
(T = 298.15 K), and AA is the amino acid ester salt. The activity coefficients were 
assumed to be unity.
Solubility values for amino acid ester salts in chloroform at 298.15 K are listed in 
Table 4.6. Derived solution Gibbs energies, ASG°, are given in Table 4.7.
AsG°(chci3) RT-ln[AA](CHCl3) (4.16)
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Table 4.6. Solubility values of glycine and L-amino acid ester salts in chloroform at 
298.15K
SALT SOLUBILITY
mol.dm'3
Gly ester.HCl (5.15 ± 0.24) x 10-4
L-Ala ester.HCl (1.28 ± 0.01) x 10'1
L-Val ester.HCl (1.16 ±0.01) x 10‘1
L-Leu ester.HCl (4.96 ±0.04) x 10'1
L-Phe ester.HCl (5.94 ±0.09) x 10'3
L-Ser ester.HCl (3.85 ± 0.34) x 10-4
L-Tyr ester.HCl <10'5
L-Met ester.HCl (3.99 ±0.04) x 10'2
Table 4.7. Standard Gibbs energies of solution for glycine and L-amino acid ester salts 
in chloroform at 298.15 K
SALT ASG°
kJ.mor1
Gly ester.HCl 18.77
L-Ala ester.HCl 5.10
L-Val ester.HCl 5.34
L-Leu ester.HCl 1.74
L-Phe ester.HCl 12.71
L-Ser ester.HCl 19.49
L-Tyr ester.HCl
L-Met ester.HCl 7.98
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4.3. THERMODYNAMIC AND STRUCTURAL STUDIES OF AMINO ACID 
INTERACTIONS WITH MACROCYCLIC LIGANDS IN METHANOL
The interactions of neutral species with macrocyclic ligands have kept the attention 
of many scientists for the past years. Nevertheless, their research in this field is not as 
widely developed as the one carried out with metal ions. Reports on amino acid. 18- 
crown-6 interactions were first published in 198589,90 and since then, not much work 
has been performed in the area. Danil de Namor and co-workers73,92 reported five years 
later the thermodynamic parameters involving DL-amino acids and macrocyclic ligands 
(18-crown-6, cryptand 222) in methanol and ethanol at 298.15 K. Considering that L- 
amino acids are the natural occurring amino acids, their interactions with these ligands 
were studied by titration calorimetry in order to derive thermodynamic data for these 
systems. At the same time, 'H NMR studies were completed for several free DL-, L- 
and D- amino acids and their complexes with 18-crown-6 and cryptand 222, in order 
to elucidate the type of interactions occurring with these species in solution.
4.3.1. Thermodynamic parameters of complexation of amino acids with 18- 
crown-6 and cryptand 222 in methanol at 298.15 K
The incremental titration calorimetric technique was used to determine the 
thermodynamic parameters for the complexation of amino acids with 18-crown-6 and 
cryptand 222 having methanol as the reaction medium, as described in section 3.5.4. 
The burette calibration for the Hart Scientific 5021 Calorimeter was carried out as 
indicated in chapter 3 (section 3.5.5.1), and the data obtained for the Burette Delivery 
Rate (BDR) are given in Table 4.8.
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Table 4.8. B u rette  D elivery R ate (BD R) in m ethanol at 298.15 K
g V
ml
BDR 
ml.s’1
5
1 0
15
2 0
25
0.09847
0.19649
0.29531
0.39208
0.49272
0.0664
0.1325
0.1991
0.2644
0.3322
0.01328
0.01325
0.01327
0.01322
0.01329
Average B D R ^ ^  = 0.01326 ml.s'1
Plotting the time t in s versus the volume delivered V  in ml, an straight line was 
obtained. This is shown in Fig. 4.3.
time (s)
Fig. 4.3. B urette  calibration curve at 298.15 K
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The enthalpy of protonation of THAM in 0.1 mol.dm'3 hydrochloric acid at 298.15 K 
was measured as the standard reaction (section 3.5.5.2) in order to check the working 
conditions of the calorimeter. The results are given in Table 4.9.
Table 4.9. Enthalpy of protonation of THAM in 0.1 mol.dm'3 hydrochloric acid at 
298.15 K
V Qr Qh Qr APH
cm3 J J J kJ.mol'1
0.01326 -1.567 -3.99 x IO'3 -1.563 -47.51
0.01326 -1.555 -3.99 x IO'3 -1.555 -47.14
0.01326 -1.559 -3.99 x IO'3 -1.555 - 47.26
0.01326 -1.587 -3.99 x 10'3 -1.583 -48.11
0.01326 -1.580 -3.99 x 10'3 -1.576 - 47.90
0.01326 -1.562 -3.99 x 10'3 -1.558 -47.35
0.01326 -1.562 -3.99 x IO'3 -1.558 -47.35
0.01326 -1.545 -3.99 x 10'3 -1.541 - 46.84
The value of APH° = -47.43 ± 0.41 kJ.mol'1 is in very good agreement with the value 
reported by Ojelund and Wadso128 (-47.49 ± 0.04 kJ.mol'1).
4.3.1.1. Analysis of data
The calculation of the equilibrium constant, Ks, and the enthalpy change, AH, for the 
complexation process involves four steps:
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1. The experimental determination of the gross heat produced in the reaction vessel, 
qt, in each step.
2. The calculation of all correction terms arising from heat effects talcing place in the 
reaction vessel, other than those due to chemical reactions.
3. The calculation of the concentrations of titrant and titrate in each step.
4. The evaluation of K and AH using a minimisation program.
L Determination of the gross heat 
The change in temperature produced in the reaction vessel and detected by the 
thermistor was converted into voltage signal and registered on a strip chart recorder.
The heat evolved or absorbed in the reaction as voltage was converted into heat 
values using a calibration factor obtained from electrical calibration. The method of 
correction of Dickinson was used143.
q t=  f y V r (4 .1 7 )
The voltage, Vr, was measured as longitude (mm) in the chart recorder.
2. Calculation of the dilution correction term
The heat of dilution was obtained in the same conditions as the complexation 
reaction, but having just the solvent in the reaction vessel. The heat of dilution was 
subtracted for each step from the total heat, and the data were inserted in the 
CAL.BAS computer program.
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3. C alculation o f  concentrations o f  titrant and titrate
To determine simultaneously Ks and AH it is necessary to know the concentration of 
titrant and titrate, the heat and the volume in each step. In order to obtain these values 
the parameters required are the followings;
i) initial concentration of titrant, A0
ii) initial concentration of titrate, B0
iii) heat obtained in each step, q}
iv) rate of the burette in ml. s'1, r
v) time of injection in each step, t;
The concentrations of A and B in each step, i, are given by equations 4.18 and 4.19;
a = A ° 'r-ti (4.18)
^  50 + (r-tai)
Bj = B° ‘5° (4.19)
50 -+ (r ■ tai)
where is the accumulated time in each step and 50 is the volume in the vessel.
4. Determination of Ks and AH for a 1:1 complexation process
The equilibrium for a 1:1 complexation process can be expressed as;
H(S) + G (S) HG(S) (4 .20)
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where H is the host molecule, G is the guest molecule, HG is the complex and s is the 
solvent.
The equilibrium constant, Ks, is given by;
Ks = [HG]i (4.21)
[H]j [G]j
The equations of mass balance are;
H,(i) = [H]j + [HG]j (4.22)
G,(i) = [G]i + [HG]; (4.23)
Combining the last three equations;
Ks = ___________ W ___________  (4.24)
(Ht( i ) -[H G ]i)-(G t ( i ) -[H G ]i)
= (Ht(i) -  [HG]j) ■ (Gt(i) -  [HGJi) (4.25)
[HG]7 - (HKi)+ G,0)+ / )  + Ht(i) + Gt(i) = 0 (4.26)
tvs
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Ht(j), Gt(i) and [HG]j are the concentration of free titrant, titrate and complex for 
each step i, respectively.
The heat for each step of the reaction is related to [GH]i by;
Qi = AH-[HG]i-Vi (4.28)
where AH is the enthalpy in the reaction and Vj is the volume in each step /.
The program KHNLR3.BAS was employed to determine Ks and AH, which is based 
in a method of least square non-linear regression used to minimise eqs. 4.27 and 
4.28136.
4.3.1.2. Results and discussion
Thermodynamic parameters of complexation of several amino acids and macrocyclic 
ligands (18-crown-6 and cryptand 222) in methanol at 298.15 K have been determined. 
These data are shown in Tables 4.10 and 4.11. Amino acids exist as zwitterions in 
methanol92, therefore the data reported in tables 4.10 and 4.11 refer to the process in 
equation 2.5 (see page 66).
The values shown in Tables 4.10 and 4.11 reveal a great similarity of the stability 
constants for all amino acid (except L-threonine) complexes with both macrocyclic 
ligands. These results indicate that 18-crown-6 and cryptand 222 can interact with 
amino acids forming stable complexes, but this complexation process does not take 
place selectively, as it has been reported previously73.
Table 4.10. Stability constants, derived Gibbs energies, enthalpies and entropies of 
complexation of L-amino acids with 18-crown-6 in methanol at 298.15 K
AMINO ACID logKs ACG° ACH° ACS°
kJ.mol*1 kJ.mol'1 J.K/n
L-ALA 3.51 ±0.06 -20.03 -39.06 ±0.84 -63.8
L-VAL 3.17 ±0.07 -18.09 -34.27 ± 0.04 -54.3
L-LEU 3.25 ±0.02 -18.55 -38.59 ±0.42 -67.2
L-ILE 3.16 ±0.07 -18.04 -38.70 ±0.90 -69.3
L-PHE 3.10 ±0.06 -17.69 -37.14 ±0.30 -65.2
L-TRP 3.02 ±0.09 -17.24 -39.99 ± 1.45 -76.3
L-MET 3.29 ±0.01 -18.78 -45.54 ±0.35 -89.7
L-SER 3.33 ±0.11 -19.01 -40.52 ±0.30 -72.1
L-THR 2.91 ±0.10 -16.61 -32.30 ± 1.43 -52.6
L-PRO - - - -
L-CYS 3.20 ±0.09 -18.26 -41.21 ± 1.44 -77.0
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Table 4.11. Stability constants, derived Gibbs energies, enthalpies and entropies of 
complexation of L- and D- amino acids with cryptand 222 in methanol at
298.15 K
AMINO ACID log Ks ACG°
Ok<
ACSC
Id.mol'1 kJ.mor1 J.K'1
L-ALA 3.56 ±0.06 -20.32 -12.33 ±0.69 26.8
D-ALA 3.42 ±0.03 -19.52 -10.06 ±0.60 31.7
L-VAL 3.63 ±0.03 -20.72 -8.40 ± 0.52 41.3
D-VAL 3.66 ±0.06 -20.89 -10.14 ±0.39 36.1
L-LEU 3.58 ±0.01 -20.43 -10.67 ±0.08 32.7
D-LEU 3.58 ±0.01 -20.43 -11.60 ± 0.15 29.6
L-ILE 3.67 ±0.02 -20.95 -8.07 ±0.12 43.2
D-ILE 3.35 ±0.05 -19.12 -5.19 ±0.37 46.7
L-PHE 3.68 ±0.04 -21.00 -6.42 ±0.31 48.9
D-PHE 3.39 ±0.04 -19.35 -5.27 ±0.12 47.2
The heat of complexation of L-proline with 18-crown-6 was so small that log K and 
AcH could not be calculated. This could be the result of the fact that proline is an imino 
acid which holds a secondary amino group. It only contains two hydrogen atoms 
available to form the complex, which reduces the strength of the binding (Fig. 4.4). 
Thus, it is clear that the number of hydrogen atoms available for hydrogen bonding is a 
determinant factor in the complexation process. This has also been observed in the 
complexation of primary ammonium salts with 18-crown-695. An steric factor provided 
by the cyclic structure may also contribute to the decrease in the stability of the
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com plex.
prolinc (pro)
Hf t y H>c°o-
H
Hx
Fig. 4.4. Structure of the imino acid proline
The Gibbs energy term for the complexation of amino acid and macrocycles shows a 
great similitude, as a consequence of a remarkable enthalpy-entropy compensation 
effect, which is shown in a plot of the ACH° versus the ACS° data (Fig. 4.5). A straight 
line was obtained, with a slope of 280.2 K and a correlation coefficient of 0.9985. The 
slope is known as the isoequilibrium temperature, at which all crown ether and 
cryptand 222 complexes with the amino acids are believed to have the same stabilities 
in the solvent.
The enthalpy-entropy compensation effect has been previously observed in 
complexation processes involving cyclodextrins and several guests in different 
solvents144*145, as well as in those involving metal cations and macrocycles, like crown 
ethers146. However, the latter claim has been based on few experimental data and 
critically assessed recently73. Danil de Namor and co-workers73 also found this effect 
for the first time in the complexation processes involving 18-crown-6 and cryptand 222 
as macrocycles, and neutral species (DL-amino acids) as guests, in methanol and 
ethanol at 298.15K. The enthalpy gain obtained from the binding seems to be 
compensated by the entropy loss obtained by the conversion of two components 
(amino acid and ligand) into a single one (amino acid.macrocycle complex).
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-ACH° (k J .m o r1)
ACS° (J.m or1. ^ 1)
Fig. 4.5. ACH° - ACS° compensation effect for amino acid.macrocyclic ligand 
complexation in methanol at 298.15 K
Plotting ACH° versus ACS° data obtained for the complexation of primaiy ammonium 
salts (RNH3+) with 18-crown-6 in methanol95 and those obtained for the complexation 
of DL-amino acids with 18-crown-6 and cryptand 222 in the same solvent73, it is 
observed that the data reported in this thesis (Tables 4.10 and 4.11) fit on the same 
straight line than those mentioned above (see Fig. 4.6). These findings were not 
surprising taking into account that the interactions of the amino acids and the primary 
ammonium salt with the macrocycles are of the same nature.
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Fig, 4.6, ACH° - ACS° compensation effect for the complexation of amino acids and 
ammonium cations with 18-crown-6 and cryptand 222 in methanol at 298.15 
K
The data obtained for the complexation of L-amino acids with 18-crown-6 and D- 
and L- amino acids with cryptand 222 in methanol are enthalpically favoured (ACH° 
<0). For the former, the process is entropically unfavoured (ACS° < 0), whereas for the 
latter is entropically favoured (ACS° > 0). This difference may be due to the different 
binding of cryptand 222 to the amino acid relative to that of 18-crown-6 and the same 
guest, knowing that enthalpy and entropy parameters are dependent on the nature of 
the guest and host molecules and the solvent in which the reaction takes place.
The stability in enthalpic terms for the complexes of L-amino acids containing an
aliphatic side chain with 18-crown-6 in methanol follows the sequence L-Ala > L-Ile = 
L-Leu> L-Val indicating than factors other than the inductive effect should also 
contribute to the stability. If the inductive effect was the only factor influencing the 
stability of the amino acid.l8-crown-6 complexes in this solvent, the following 
sequence L-Ala > L-Val > L-Ile > L- Leu should have been expected73.
Amino acids containing different substituents attached to the (3-carbon such as 
phenyl (Phe) or indole (Trp) are characterised by similar enthalpy values compared to 
those bearing aliphatic side chains. However, an small increase of the ACH° value 
(except L-threonine) is observed for those amino acids containing groups with 
hydrogen atoms able to interact with the macrocycle, relative to those already 
mentioned. This could be attributed to the possibility of formation of additional 
hydrogen bonds. The fact that L-threonine shows the lowest log Ks and ACH° values 
for its complex with 18-crown-6 seems to indicate that the stability data of the 
complexes do not reflect the differences existing in the -R substituents attached to the 
a-carbon of the amino acids. This agrees with the conclusion reached for the 
complexations of DL-amino acids with 18-crown-6 in methanol73 where the log Ks 
and ACH° values are also similar for all the systems studied. The molecular models 
also show that the side chain is directed perpendicularly to the plane of the crown 
ether, being sufficiently far away not to get involved in any direct interaction with the 
macrocycle.
Comparison of the data obtained in this thesis with previous reported values for the 
complexation of DL-amino acids and the same ligand (Table 4.12) in methanol at
298.15 K reveals similar stabilities (hence ACG°) for all the systems considered, except 
for methionine. However, for alanine, leucine, and cysteine differences in the ACH° and 
ACS° values are observed for the L-amino acids relative to their racemic mixtures. No 
explanation can be offered about the nature of these differences.
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Table 4.12. Stability constants, derived Gibbs energies, enthalpies and entropies of 
complexation of DL-amino acids with 18-crown-6 in methanol at 298.15
K73
AMINO ACID log Ks ACG° ACH° ACS°
kJ.mol'1 kJ.mor1 J.KYn
DL-ALA 3.59 ±0.06 -20.48 -45.94 ± 1.02 -85.3
DL-VAL 3.19 ±0.01 -18.20 -34.49 ± 0.24 -54.8
DL-LEU 3.35 ±0.03 -19.11 -42.47 ±0.69 -78.2
DL-DLE 3.17 ±0.04 -18.08 -36.24 ± 1.45 -61.5
DL-PHE 3.15 ±0.06 -17.97 -39.18 ± 1.03 -71.1
DL-TRP 3.06 ±0.10 -17.45 -41.63 ±0.87 -81.2
DL-MET 3.66 ±0.03 -20.88 -37.85 ± 1.31 -56.9
DL-SER 3.37 ±0.04 -19.22 -38.80 ±0.92 -65.7
DL-THR 3.02 ±0.01 -17.23 -35.36 ±0.56 -60.7
DL-CYS 3.28 ±0.10 -18.71 -30.67 ±0.53 -40.2
The enthalpy values reported for the L- and D- amino acid.cryptand 222 complexes 
in methanol show not much difference for those amino acids bearing aliphatic side 
chains. However, a decrease in the stability (in enthalpic terms) is found for 
phenylalanine.
The most noticeable feature of these data with respect to those obtained for the 
amino acid.crown ether complexes is the difference found in the enthalpy data. For the 
former, the average ACH° value is about -39 kJ.mol'1, whereas for the latter is about -9 
kJ.mol1.
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These differences were also obtained when the cryptand 222 was complexed with 
DL-amino acids73. Unlike crown ether, amino acid complexes, for these systems, 
computer molecular models predict that only one hydrogen bond is formed between 
the oxygen atom of the ligand and one of the hydrogens of the -NH3 + group of the 
amino acid92.
Comparison of the data shown in Table 4.11 with those previously reported by Danil 
de Namor and Ritt73 for the complexation of DL-amino acids with cryptand 222 in 
methanol at 298.15 K (Table 4.13) reveals some differences in the thermodynamic 
data, which may be due to the different interactions for L- or D- amino acids relative 
to those for the racemic amino acids.
Table 4.13. Stability constants, derived Gibbs energies, enthalpies and entropies of 
complexation of L-amino acids with cryptand 222 in methanol at 298.15 
K73
AMINO ACID logKs ACG° AcH° ACS°
kj.mol'1 kJ.mol'1 J.K'1.
DL-ALA 3.22 ±0.10 -18.38 -15.40 ±0.94 10.0
DL-VAL 3.16 ±0.03 -18.03 -4.60 ± 0.79 44.7
DL-LEU 3.38 ±0.20 -19.28 -9.11 ±0.35 33.9
DL-ELE 3.81 ±0.20 -21.73 -6.40 ± 0.50 51.5
DL-PHE 3.48 ±0.15 -19.86 -10.21 ±0.64 32.3
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Due to the similar stability constants obtained for the complexation process with 
both ligands and the different AcH° values, the entropies ACS° obtained for the two 
type o f complexes were very different. Thus, it is shown that the amino acids form 
stronger interactions with 18-crown-6 than with cryptand 222, as it is reflected in the 
enthalpic term. The complexes formed with the crown ether seem to be more 
structured than those with the macrobicyclic ligand, as it is revealed in the entropic 
term.
In order to gain a better understanding of the type of interactions existing between 
the amino acids and the macrocycles, !H NMR spectra measurements were carried out 
and these are discussed in the following section .
4.3.2. ^  NMR study of amino acids and amino acid.macrocyclic ligand 
complexes
The !H NMR spectra of a series of simple amino acid. 18-crown-6 and amino 
acid.cryptand 222 complexes were determined in CD3OD at 298 K and compared to 
those of the free amino acids. Nuclear magnetic resonance studies, together with 
thermodynamic studies, are likely to contribute to the understanding of the interactions 
o f amino acids and macrocyclic ligands in this particular solvent. Table 4.14 shows 
some selected proton chemical shifts (8) for glycine and several free DL- amino acids 
(alanine, valine, leucine, isoleucine, phenylalanine, serine and methionine) and those of 
their complexes with 18-crown-6 and cryptand 222, as well as A5 values, in CD3OD at 
298 K. Proton NMR chemical shifts of amino acids were assigned using previously 
reported values at 298.15 K147.
No significant differences were found in the proton chemical shifts of the DL-, L- 
and D- amino acids and their complexes with either 18-crown-6 or cryptand 222, as it
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is shown in Table 4.15. Thus, Table 4.14 only reports the data obtained for DL-amino 
acids and their complexes in methanol.
The spectra of the macrocycles 18-crown-6 and cryptand 222 are presented in 
figures 4.7 and 4.8. The singlet obtained for 18-crown-6 showed a chemical shift at 
3.64 ppm, and in its complexation with the different amino acids deshielding A5 values 
o f 0.01 - 0.02 ppm were obtained. For ciyptand 222, three different chemical shifts 
were obtained for the a-, P- and y- hydrogens (see Fig. 4.8). These values are 2,68 
ppm, 3.60 ppm and 3.66 ppm, respectively. In its complexation with the amino acids 
deshielding A5 values of 0.03 - 0.05 ppm, 0.02 - 0.03 ppm and 0.00 - 0.01 ppm were 
obtained for the a-, p- and y- hydrogens, respectively.
Table 4.14. Selected proton chemical shifts for free glycine and DL-amino acids and 
those in their complexes with 18-crown-6 (18C6) and cryptand 222 (Cry 
222) in CD3OD at 298 Ka
C O M P O U N D  Sa_H ASb 8p„H A8b Sy-H ASb
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
G lycin e  3.37 (s)
G lycine. 18 C 6  3.34 (s) - 0.03
G lycin e .C ry  2 22  3.44 (s) 0.07
D L -A la n in e  3.57 (q) 1.45 (d)
D L -A la n in e .l8 C 6  3.54 (q) - 0.03 1.47 (d) 0.02
D L -A la n in e . C ry  2 22  d 1.44(d) - 0.01
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1.02 (d)
D L -V a lin e . 1 8 C 6  3 .4 5 (d) 0 .0 5  2 .1 1 -2 .2 1  (m) C a - 0 . 1 0  1 .1 3 (d)
e
1.02 (d)
D L -V a lin e .C r y  2 22  3.40 (d) 0.00 2.12-2.24 (m) C a  -o.os 1.03(d)
D L -V a lin e  3.40(d) 2.21-2.31 (m) 1.0 3 (d)
<2
D L -L e u c in e  3 . 5 4  (dd) 1 .5 7 -1 .6 8  (m) 1 .7 3 - 1 .8 4  (m)
e
1.73-1.84 (m)
D L -L e u c in e . 1 8 C 6  3.50 (dd) - 0 . 0 4  1.50-1.59 (m) C a  -0 .08  1.76-1.87 (m)
e  e
1.63-1.76 (m) C a  - 0.08
D L -L e u c in e .C ry  2 22  3 .54 (dd) 0 . 0 0  1 .5 4 - 1 .6 0  (m) C a - 0 . 0 5  i .7 i- i.7 7 (m )
e <2.
1.71-1.77 (m) C a - 0.04
D L -Iso le u cin e  3.53(d) 1.89-2.01 (m) 1 .5 2 - 1 .6 8  (m)
G
1.19-1.34(m)
D L -Is o le u c in e .l8 C 6  3.54(d) 0 .0 1  1.79-1.89 (m) C a  - 0 .1 1  1.6 4 - 1 .7 5  (m)
G
1.38-1.49 (m)
D L -Iso Ie u c in e .C ry  2 22  3.50(d) -0 .0 3  1 .8 0 - 1 .9 0  (m) C a - 0 . 1 0  1 .5 7 - 1 .6 8  (m)
c
1.28-1.38 (m)
D L -P h e n ylala n in e  3 . 7 7  (dd) 3 . 3 2  (dd) 7.28-7.38 (m)
e
2.99 (dd)
D L -P lie n ylala n in e . 18 C 6  3.76(dd) - 0 .0 1  3 . 1 7  (dd) - 0 .1 5  7 .2 3 -7 . 3 2  (m)
e e.
3.07 (dd) 0.08
D L-P h e n ylala n in e . C ry  2 2 2  d 3 .2 1  (dd) - 0 .1 1  7 .2 4 -7 . 3 4  (m)
G
2.98 (dd) -0.01
D L -S e rin e  3.96 (dd) 3 .7 8  (dd)
e.
3.59 (dd)
0.00
0.01
0.10
C a  - 0.03 
C a  - 0.04
C a  0.09
e
C a  0.17 
C a  0.02
e
C a  0.07
C a  - 0.05 
C a  - 0.04
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D L -S e r in e .l8 C 6  3.96 (dd) o.oo (d) 0.04
e
3.55 (d)
D L -S e rin e .C iy  22 2 3.93 (dd) -0.03 3.77 (dd) -o.oi
e e
3.56 (dd) -0.03
D L-M ethio nine 3.66 (dd) 2.58-2.64 (m) 1.96-2.25 (m)
D L-M ethio nine. 18 C 6  d 2.60-2.66 (m) C a  -  0 .0 1  2 .0 0 -2 . 1 5  (m) C a  - 0 . 0 3
D L-M ethionine. C ry  222  d 2 .5 9 -2 . 6 6  (m) C a - 0 .0 1  2 .0 1 -2 .1 1  (m) C a - 0 . 0 4
a- All shifts referred to TMS as internal reference. b- Positive and negative values 
correspond to downfield and upheld shifts; respectively. c- Groups attached to P- 
carbon. d- Overlapped with the host. c- Values corresponding to non-equivalent 
protons.
Table 4.15. Selected proton chemical shifts for DL-, L- and D- amino acids and those 
in their complexes with 18-crown-6 (18C6) and cryptand 222 (Cry 222) in 
C D 3 O D  at 298 Ka
C O M P O U N D Sa-H Sp-H 5t -H
(ppm) (ppm) (ppm)
D L -A la n in e 3 .5 7  (q) 1.45 (d)
D L -A la n in e . 18C 6 3.54  (q) 1.4 7 (d)
D L -A Ia n in e .C ry  222 b 1.4 4 (d )
L -A la n in e 3 -5 7  (q) 1.45 (d)
L -A la n in e . 18C 6 3.54  (q) 1.4 7 (d)
L -A la n in e .C ry  222 b 1.44 (d)
D -A la n in e 3.5 7  (q) 1.45 (d)
D -A la n in e .l8 C 6 3.54 (q) 1.4 7 (d)
D -A la n in e .C ry  222 b 1.44 (d)
D L -V a lin e 3.40 (d) 2 .2 1 -2 .3 2  (m) 1.0 3  (d) 
1.0 2  (d)
D L -V a lin e .l8 C 6 3.45 (d) 2 . 1 1 -2 .2 1  (m) 1 .1 3  (d) 
1.0 2  (d)
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D L -V a lin e . C ry  222 3.40 (d) 2 .12 -2 .2 4  (m) 1.03 (d)
L -V a lin e 3.40 (d) 2 .2 2 -2 .3 2  (m) 1.06 (d) 
1.0 2  (d )C
L -V a l in e .l8 C 6 3.45 (d) 2 .0 9 -2 .20  (in) 1 .1 4  (d )c  
1.0 2  (d)
L -V a lin e . C ry  222 3.40 (d) 2 .1 2 -2 .2 4  (m) 1.03 (d)
D -V a lin e 3.40 (d) 2 .2 2 -2 .3 2  (m ) 1.06 (d) 
1.0 2  (d)C
D -V a lin e . 18 C 6 3.46 (d) 2 .0 9 -2 .2 2  (m) 1 .1 4 ( d )  
1.0 2  (d )C
D -V a lin e . C ry  222 3.40 (d) 2 .1 3 -2 .2 6  (m) 1.0 3  (d)
D L -L e u c in e 3.54  (dd) 1 .5 7 -1 .6 8  (ra) 
1 .7 3 -1 .8 4  ( m ) C
1 .7 3 -1 .8 4  (m)
D L -L e u c in e . 18 C 6 3.50 (dd) 1 .5 0 -1 .5 9  (m) 
1 .6 3 -1 .7 6  (m )C
1 .7 6 -1 .8 7  (in)
D L -L e u c in e . C ry  222 3.55  (dd) 1.5 4 -1 .6 0  (m ) 
1 .7 1 - 1 .7 7  (m ) C
1 . 7 1 - 1 .7 7  (in)
L -L e u c in e 3.53 (dd) 1 .5 6 -1 .6 8  (m ) 
1 .7 3 -1 .8 5  (m) C
1 .7 3 -1 .8 4  (m)
L -L e u c in e . 18 C 6 3.50 (dd) 1 .4 9 -1 .6 1  (m) 
1 .6 3 -1 .7 7  (m ) °
1 .7 5 -1 .8 7  (m)
L -L e u c in e . C ry  2 22 3.54 (dd) 1 .5 3 -1 .6 0  (m) 
1 .7 1 - 1 . 7 7  (m) c
1 .7 1 - 1 .7 6  (m)
D -L e u c in e 3.53 (dd) 1 .5 6 -1 .6 8  (m) 
1 .7 3 -1 .8 4  (in) C
1 .7 3 -1 .8 5  (in)
D -L e u cin e . 18 C 6 3.50 (dd) 1 .5 0 -1 .6 1  (m) 
1 .6 3 -1 .7 6  ( in ) C
1 .7 4 -1 .8 7  (in)
D -L e u cin e . C iy  222 3.54  (dd) 1 .5 3 -1 .6 2  (m) 
1 .7 0 -1 .7 7  ( m ) C
1 .7 1 - 1 .7 6  (m)
D L -Iso le u cin e 3.46 (d) 1 .8 9 -2 .0 1  (m) 1.5 2 -1 .6 8  (m) 
1 .1 9 -1 .3 4  (m) C
D L -Iso leu cin e . 18 C 6 3.55 (d) 1 .7 9 -1 .8 9  (m) 1 .6 4 -1 .7 5  (in) 
1 .3 8 -1 .4 9  (m )C
D L -Iso Ie u c in e .C ry  222 3.50 (d) 1 .8 0 -1 .9 0  (m) 1 .5 7 -1 .6 8  (in) 
1 .2 8 -1 .3 8  (in) ^
L -Iso le u cin e 3.46 (d) 1 .8 8 -2 .0 1  (m) 1 .5 1 -1 .6 8  (in) 
1 .1 9 -1 .3 4  (m) c
L -Iso leu cin e. 18 C 6 3.54 (d) 1 .7 9 -1 .8 9  (m) 1.6 4 -1 .7 6  (in) 
1 .3 8 -1 .5 0  (in) c
L -Iso le u c in e .C iy  222 3.50 (d) 1 .8 1 - 1 .9 1  (in) 1 .5 7 -1 .6 6  (m) 
1 .2 9 -1 .3 7  (in) c
D -Iso le u cin e 3.47 (d) 1.8 9 -2 .0 0  (m) 1 .5 0 -1 .6 8  (in) 
1 .2 0 -1 .3 4  (in) c
D -Iso leu cin e. 18 C 6 3.55  (d) 1 .7 9 -1 .8 8  (in) 1 .6 4 -1 .7 6  (m) 
1 .3 9 -1 .5 0  (ra) c
D -Iso le u c in e .C iy  222 3 .5 1  (d) 1 .8 0 -1 .9 1  (in) 1 .5 7 -1 .6 6  (m) c  
1 .2 8 -1 .3 7  (in)
D L-P h e n ylala n in e 3 .7 7  (dd) 3.3 2  (d d )c  
2.99 (dd) C
7 .28 -7 .3 8  (m)
D L-P h en ylala n in e. 18C 6 3.76 (dd) 3 .1 7  (dd) 
3.07 (d d )C
7 .2 3 -7 .3 2  (m)
D L-P h e n ylala n in e . C ry  222 b 3 .2 1  (dd) 
2.98 (dd) C
7 .2 4 -7 .3 4  (in)
L -P h en ylalan in e 3.77  (dd) 3.33 (dd) 
2.99 (dd) C
7 .2 8 -7 .3 8  (m)
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L-Phenylalanine. 18 C 6 3.75 (dd) 3 .15  (dd) 
3.07 (dd)C
7 .2 2 -7 .3 2  (m)
L-P h e n yla la n in e.C ry  222 b 3.23 (dd) 
2.97 (d d )C
7 .2 4 -7 .3 3  (in)
D -Ph en ylalan in e 3 .7 7  (dd) 3.3 2  (d d )c  
2.99 (d d )C
7 .2 8 -7 .3 8  (m)
D -Phenylalanine. 18 C 6 3.76 (dd) 3 .18  (d d )c  
3.05 (d d )C
7 .2 2 -7 .3 3  (m)
D -Ph en ylalan in e,222 b 3 .2 1  (d d )c  
3.00 (dd)
7 .2 4 -7 .3 5  (m)
D L -S e rin e 3.96 (dd) 3.78 (dd) c  
3.59 (dd)
D L -S e r in e .l8 C 6 3.96 (dd) b c
3.55  (dd)
D L -S e rin e . C ry  222 3.93 (dd) 3 .7 7  (dd) 
3.56 (dd) C
L -S e rin e 3.96 (dd) 3.79  (dd) c  
3.60 (d d )"
L -S e rin e . 18 C 6 3.96 (dd) b c
3.54  (dd)
L-S e rin e . C ry  222 3.92 (dd) 3.78 (dd) c  
3.57  (dd)
D -Se rin e 3.96 (dd) 3.78 (dd) t  
3.60 (dd) ^
D -S e r in e .l8 C 6 3.95 (dd) b
3.55  (dd) C
D -S e rin e .C ry  2 22 3.92 (dd) 3.79 (dd) c  
3.59 (dd)
D L -M e th io n in e 3.66 (dd) 2 .58 -2 .64  (in) 1.9 6 -2 .2 5  (m )
D L-M eth io n in e. 1 8C6 b 2.60-2.66  (m) 2 .0 0 -2 .15  (m)
D L -M e th io n in e .C ry  222 b 2.59 -2.66  (m) 2 .0 1 -2 .1 1  (m)
L-M eth io n in e 3.65 (dd) 2 .5 7 -2 .6 4  (m) 1.9 6 -2 .2 4  (m)
L-M ethionine. 18 C 6 b 2 .60-2 .65 (in) 2 .0 0 -2 .15  (m)
L-M ethionine. C ry  222 b 2.58 -2 .6 5  (m) 2 .0 1 -2 .1 2  (m)
D -M ethionine 3.66 (dd) 2 .58 -2 .6 3  (in) 1.9 6 -2 .2 4  (m)
D -M ethionine. 18 C 6 b 2.60-2.64 (m) 1.9 4 -2 .2 3  (m)
D -M ethionine. C ry  222 b 2.59 -2.6 4  (m) 2 .0 1 -2 .1 0  (m)
a- All shifts referred to TMS as internal reference. b- Overlapped with the host. °- 
Values corresponding to non-equivalent protons.
These results confirm those obtained by titration calorimetry where it was concluded 
that both macrocycles interact with amino acids, although selective complexation for 
the different amino acids and the different forms (DL-, L- and D-) does not occur. The 
data collected inTable 4.14 will be now discussed for the different systems.
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Fig. 4.7. *H NMR spectmm of 18-crown-6 in CD3OD at 298 K
1 4 9
S~-of
N O O N
v - o  o~y
J I A L.
': . ii'CM -.a
F ig .  4 .8 .  JH  N M R  s p e c tru m  o f  c ry p ta n d  2 2 2  in  C D 3O D  a t 2 9 8  K
1 5 0
The shifts shown by the proton resonances of the amino acids in the presence of the 
18-crown-6 or cryptand 222 are thought to be the result of two components: 
conformational changes, and electronic modification of the nitrogen atom of the -NH3+ 
group, which affect the rest of the guest molecule through both inductive and 
anisotropic influences.
Inspection of Table 4.14 reveals that for the glycine and alanine complexes with 18- 
crown-6, the a-hydrogen signals are moved upfield by 0.03 ppm for the two amino 
acids, whereas the p-hydrogen signal for the alanine complex is moved downfield by 
0.02 ppm.
The ‘H NMR spectrum of phenylalanine in CD3OD exhibits two different signals of 
the P-hydrogens (AB pattern) indicating that in the conformational equilibrium there is 
a predominant rotamer in which the two protons are non-equivalent. From examination 
of the Newman projection formulas148 (Fig. 4.9) of phenylalanine and the assumption 
that phenyl (-Ph) and -COO" groups have steric requirements, it seems reasonable to 
assume that the preferred conformer is 1A .
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In this conformation the p-proton which is affected by the electric field influence of 
the y-gauche -NH3+ groups (HA) should be expected to resonate at lower field relative 
to Hb. On the other hand, the spectrum of the 18-crown-6.phenylalanine complex 
shows that whereas the HB signal moves downfield by 0.08 ppm, the resonance 
assigned to HA is shifted upfield by 0.15 ppm.
On the basis of steric arguments it seems possible to expect that the interaction of 
-NH3+ with the host should imply a conformation such as l c in which the phenyl group 
is as apart as possible from the interacting group. However, the changes in the 
chemical shift of the HB are different from HA. This suggests that 1A is the 
conformation likely to participate in complex formation with the crown ether, in which 
HA is in the field effect of the crown molecule (causes upfield shift) compared to HB 
which only shows downfield shift as a result of NH hydrogen bonding with the ligand 
(inductive effect).
Similar considerations apply on comparing the 'H NMR spectra of valine, leucine, 
isoleucine and methionine. Their preferred Newman projection formulas are presented 
in Fig. 4.10. In the case of valine the resonance of the (3-proton moves from 2.26 to
2.16 ppm (Table 4.14) on going from the free compound to its crown ether complex. 
Related to the methyl groups attached to (3-carbon, the data reveal that they are non­
equivalent. One of the doublets does not move, whereas the other moves downfield by 
0.10 ppm. This is also reflected in the Newman projection shown in Fig. 4.10, and in 
the *H NMR spectra of the methylene groups presented in Fig. 4.11, which show the 
differences in the spectra for the valine related to its complex with 18-crown-6 and 
cryptand 222, for the relevant hydrogen atoms. This can be explained in an analogous 
manner to that for phenylalanine, considering that one methylene group shows a 
shielding effect due to its presence in the field effect of the crown ether and the other 
one shows a deshielding effect as a result of an inductive effect (through bonds).
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Fig. 4.10. Preferred Newman projection formulas of several amino acids
For leucine and isoleucine, the shifts observed in the resonances of a-, P- and y- 
protons show that they are all affected by the presence of the host. Leucine shows non­
equivalence in the P-hydrogens (Table 4.14 and Fig. 4.12), and isoleucine in the y- 
hydrogens (Table 4.14). P-Carbon of leucine and y-carbon for isoleucine, both next to 
chiral carbons, bear two identical groups (hydrogens), and the two remaining are 
different. These centres have been recognised by Hanson149 and named prochiral 
centres. In a prochiral assembly the paired groups can be equivalent (isochronous) or 
non-equivalent in chemical shift (anisochronous). The latter effect is observed for the 
amino acids leucine and isoleucine.
1 5 3
am e th y le n e  p ro to n s
—(-------- \-
Fig. 4.11. lH NMR spectra of the methylene protons of a) valine, b) valine. 18-crown-6 
complex and c) valine, cryptand 222 complex in CD3OD at 298 K
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The most significant difference between the ’H NMR of methionine and that of its 
complex with 18-crown-6 is found in the multiplet due to the y-methylene protons 
(1.96-2.25 ppm) which become more spread out (Fig. 4.13).
Again, all these effects are presumably individual by a combination of changes in 
both the conformation of the guest molecule and the electronic density of the NH3+ 
group.
Regarding the interactions of the amino acids and the macrobicycle cryptand 222, the 
results shown in Table 4.14 and the data previously reported for the A5 shifts of the 
ligand hydrogens, suggest that they are different to those involving the crown ether. 
The fact that the resonance of the hydrogens in the ciyptand molecule attached to the 
a-carbon (the closest to the nitrogen atom) is higher than that for the p-hydrogens, 
which is also higher than that for the y-hydrogens seem to suggest that the interaction 
of the amino acid and the ligand is through the formation of hydrogen bond between 
one hydrogen of the -NH3+ group of the guest molecule and the nitrogen of the host. 
In this way the ‘H NMR spectra of the complexes should indicate a non-equivalent 
resonance for the different hydrogens, since the stoichiometry of the complex is 1:1. 
Thus, to give an explanation, it can be suggested that there is a dynamic equilibrium 
between the host and guest molecules in solution. The 'H NMR spectrum of the DL- 
valine. cryptand 222 complex was run in methanol at several low temperatures (273, 
253 and 243 K) in order to be able to observe the asymmetry in the cryptand molecule 
and obtain the coalescence temperature. However, this could not be observed since 
very low temperatures are required. So, the proposed interaction of amino acids and 
cryptand 222 by 'H NMR method do not agree with that suggested by computer 
modelling92, but it has to be said that the former refers to the species in solution, 
whereas calculations for the latter are referred to those in the solid state.
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Fig. 4.12.’H NMR spectra of the p-hydrogens and methylene groups of a) leucine, b) 
leucine. 18-crown-6 complex and c) leucine.cryptand 222 complex at 298 K
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bFig. 4.13. 'H NMR spectra of the (3-, y- and 5- hydrogens of a) methionine, b) 
methionine. 18-crown-6 complex in CD3OD at 298 K
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4.3.3. Preliminary studies on the interaction of a dipeptide with 18-crown-6 in 
methanol at 298.15 K
The solubility of the dipeptide glycylglycine and the thermodynamic parameters of 
complexation of this molecule with 18-crown-6 in methanol at 298.15 K have been 
determined, and compared with the data reported from the simple amino acid glycine 
in the same solvent. The solubility of the dipeptide in methanol is s ^ ^  =(8.63 ± 
0.30) x 10 4 mol.dm'3, which is five times lower than the value reported for the 
glycine73 in the same solvent; sMc0H =(4.55 ± 0.21) * 10‘3 mol.dm'3 . This decrease in 
the solubility value may be a consequence of the larger size of the dipeptide related to 
the small glycine which should be more solvated by methanol.
The thermodynamic parameters of complexation of glycyglycine with 18-crown-6 in 
methanol and those previously reported73 involving glycine as guest molecule are 
shown in Table 4.16.
Table 4.16. Stability constants, Gibbs energies, enthalpies and entropies of 
complexation of glycylglycine and glycine with 18-crown-6 in methanol at
298.15 K
MOLECULE log Ks ACG° ACH° ACS°
kLmol'1 kJ.mol'1 J.KVrnol'1
Glycylglycine 4.04 ±0.11 -23.06 -29.41 ±0.63 -21.30
Glycine 3.98±0.03a -22.70a -53.83 ±0.61a -104.2a
a-  R e f .  7 3
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The stability constants (hence Gibbs energies of complexation) are similar for both 
molecules. However, the ACG° values are the result of different enthalpic and entropic 
contributions. Thus, the enthalpy value of the dipeptide is about half of that of the 
glycine.
The thermodynamic data suggest that the amino acid-crown complex is much more 
structured (more negative ACS°) than the peptide-crown complex in this solvent.
Although thermodynamic data on the interactions of dipeptides and crown ethers 
have not been yet reported, Lipkowski and co-workers'09 and Kulikov et al.no have 
carried out structural and thermal studies on their interactions; as it was indicated in 
Chapter 2 (section 2.1.2).
4 4. CONCLUSIONS
In this part of the thesis it is shown that L- and D- amino acids interact with 18- 
crown-6 and cryptand 222 in methanol at 298.15 K, as it was shown previously73 with 
DL-amino acids and the same ligands.
The results indicate that:
1) 18-Crown-6 and cryptand 222 are unable to selectively recognise monoamino 
monocarboxylic acids unless the number of hydrogen atoms available for interaction 
through hydrogen bond formation is altered as in the case of proline where a 
reduction of hydrogens reduces the heat considerably to the extent that no 
thermodynamic data for this amino acid could be derived. No selectivity between L- 
and D- relative to DL- amino acids occurs.
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2) The similarity in the stability constants (hence derived Gibbs energies ACG°) which 
is the result of different enthalpies and entropies contributions depending on the 
amino acid considered reflects a remarkable enthalpy-entropy compensation effect 
for these systems.
3) The interaction of amino acids with crown ethers differs from that found for the 
cryptands. For the latter, the number of hydrogen bonds formed during the binding 
process is reduced with respect to the former macrocyclic ligand. In addition, NMR 
studies show that for the cryptands, the binding sites for complexation are provided 
by the N atoms and not by the oxygens as suggested from computer modelling 
calculations. These results reflect that these calculations can be misleading when 
applied to solution processes due to the important role played by the solvent.
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CHAPTER 5
CALIXARENE - ORGANIC SOLVENT 
INTERACTIONS
5.1. SOLUBILITIES AND GIBBS ENERGIES OF SOLUTION OF PARENT 
CALIXARENES IN VARIOUS SOLVENTS AT 298.15 K. DERIVED 
GIBBS ENERGIES OF TRANSFER
It has been often mentioned that calix(n)arenes have relatively low solubility in 
most solvents150, but very few quantitative data have been reported on the solubility of 
these compounds151. Table 5.1 lists solubility data for /?-fer/-buty!calix(4)arene (Calix
4), p-te/7-butylcalix(6)arene (Calix 6) and /?-te/7-butylcalix(8)arene (Calix 8) in various 
solvents (methanol, MeOH; ethanol, EtOH; N,N-dimethylformamide, DMF; 
acetonitrile, MeCN; /2-hexane, //-Hex; chloroform, CHC13; and benzonitrile, C6H5CN) 
at 298.15 K. Fig. 5.1. shows the structures of /?-/e/'/-butylcalix(n)arenes (n = 4,6,8).
F ig .  5 .1 .  S t ru c tu re  o f  p - /e /7 -b u ty lc a l ix (n )a r e n e  (n  -  4 , 6 , 8 )
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Table 5.1. Solubilities of /?-fe/7-butylcalix(n)arene (n = 4,6,8) in various solvents at
298.15 K
SOLUBILITY (mol.dm 3)
SOLVENT Calix 4 Calix 6 Calix 8
MeOH (5.90 ±0.13) x 10*4
bT—HV
EtOH (3.30 ± 0.11) x 1ft4 <10'5
DMF (1.10 ± 0.01) x lo 3 (2.20 ± 0.06) x 10'3
AN (4.73 ± 0.23) x 10*5 (1.68 ± 0.08) x 10‘5
«-Hex (2.12 ± 0.08) x 10^ (2.51 ± 0.08) x 10'5
CHC13 (4.34 ± 0.04) x lO 3 (6.23 ± 0.05) x 10'3
c 6h 5c n (9.47 ± 0.07) x 104 (5.55 ± 0.04) x IQ'3 (1.14 ± 0.01) x 10'2
From solubility data, the solution Gibbs energy (ASG°) of these compounds in the 
various solvents at the same temperature was calculated using the relationship;
ASG° = -RT4n[Calix](s) (5.1)
Standard solution Gibbs energy (ASG°) data involves the lattice Gibbs energy (AiatG°), 
as well as the Gibbs solvation energy (AsoivG°), as indicated in the following scheme;
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Calix (g)
( 5 . 2 )
ASG° = AjG° + AsolvG° (5.3)
In order to avoid the contribution of AiatG°, Gibbs transfer energies (AtG°) are 
calculated in order to assess the differences in solvation of a solute between two 
solvents. Since /?-fe/‘/-butylcalix(n)arenes are characterised by being rather insoluble in 
water, acetonitrile is chosen as the reference solvent. Thus, the transfer process is 
referred to;
Calix(n) (MeCN) -»  Calix(n) (s) (5.4)
The transfer constant for this process is given by;
K t  — a  Calix ( n ) ( S) ( 5  5 )
a Calix(n)(McCN)
Since /?-/er/-butylcalix(n)arenes are neutral macrocycles, their activity coefficients in 
solution are assumed to be unity. Therefore,
K(= [Calix (n)]w
[Calix (n )](M=CN)
( 5 . 6 )
Therefore, the transfer Gibbs energy is given by;
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AtG° Calix(n) (MeCN -> s) ~ ASG°(S) -  AsG°(MeCN) ( 5 .7 )
The ASG° values obtained from solubility data (Table 5.1) and the AtG° values from 
acetonitrile to other solvents at 298.15 K are listed in Table 5.2
Table 5.2. Gibbs energies of solution of p-tert-butylcalix(n)arene (n = 4,6,8) in 
various solvents at 298.15 K. Derived transfer Gibbs energies.
Calix (4) Calix (6) Calix (8)
SOLVENT ASG° AtG° ASG° AtG° ASG° AtG°
kJ.mol'1 kJ.mor1 kJ.mol'1 kJ.mol'1 kJ.mol'1 kJ-mol'1
MeOH 18.43 -6.26 — — ----
EtOH 19.87 -4.82 — — ---- ----
DMF 16.89 -7.80 — — 15.17 -12.09
AN 24.69 0 — — 27.26 0
7 7 -Hex 20.97 -3.72 — — 26.26 -1.00
CHC13 13.48 -11.21 — — 12.59 -14.67
C6H5CN 17.26 -7.43 12.87 __ 11.09 -16.17
The results show low solubility values in most of the cases, mainly attributed to the 
intensive intramolecular hydrogen bonding. X-Ray diffraction studies32 have shown 
that calix(4)arenes, in the solid state, are found in the cone conformation, where
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hydrogen bonding takes place between the phenolic groups in the lower rim of the 
molecule. When the number of phenol units increases, a flatter conformation was 
found, and calix(8)arene adopts a pleated loop structure in which the distances 
between the oxygen atoms of the phenolic group become shorter. For calix(6)arenes 
space-filling molecular models have shown that in both winged and hinged 
conformations the six -OH groups can form two clusters where circular hydrogen 
bonding might be possible, although the H—O—H angle is very acute. As shown in 
Table 5.1., solubilities of calix(8)arenes in the various solvents are lower than 
corresponding data for calix(4)arene in the same solvents. The solubility value of 
calix(6)arene in benzonitrile was found to be in between the data found for the cyclic 
tetramer and octamer (see Table 5.1).
As a matter of interest, the solubility of the monomer p-tert-butylphenol in 
acetonitrile at 298.15 K was determined (s = 4.12 ± 0.01 mol.dm'3). Comparison of 
this value with solubility data of calix(n)arenes (n = 4,8) shows a decrease in solubility 
by factors of 8.7 x 104 and 2.4 x 105 for the tetramer and octamer, respectively, 
relative to the monomer, in acetonitrile.
The transfer Gibbs energy data reflect that, as far as these compounds are concerned, 
calix(n)arenes are better solvated in most solvents considered than in acetonitrile. 
However, the best solvators are benzonitrile, N,N-dimethylformamide and chloroform.
Although no studies have been done on the interaction of £?-/<?r/-butylcalix(n)arenes 
with these solvents, the crystal structures of different complexes of ^-substituted 
calix(n)arenes with neutral species have been reported6. It is likely that the larger 
solubilities observed in some of these solvents relative to acetonitrile are due to their 
interactions with calix(n)arenes.
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A more detailed thermodynamic study needs data on the contribution of the enthalpy 
and entropy to the transfer Gibbs energy of the process. Although the low solubility 
and, in some cases, the slow dissolution rates of these compounds in some of these 
solvents impeded us to measure the heats of solution of calix(n)arenes in most of 
them, enthalpies of solution (ASH°) of parent calixarenes in benzonitrile at 298.15 K 
have been determined152. These data are collected in Table 5.3.
Table 5.3. Thermodynamic parameters of solution of /?-/e/7-buty lcalix(n)arene (n = 
4,6,8) in benzonitrile at 298.15 Ka
p-tert- butyl SOLUBILITY ASG° ASH° AsS°
calix(n)arene mol.dm'3 kJ.mol'1 kJ.mol'1 J.K'Vmol'
n = 4 (9.47 ± 0.07) x 10-4 17.26 -14.20 + 3.70 -105.5
n = 6 (5.55 ± 0.05) x 10'3 12.88 -23.67 + 1.98 -122.6
n = 8 
a- Ref. 152
(1.14 + 0.01) x 10'2 11.09 -45.90 ±5.10 -191.1
The data reveal that the solution process is exothermic in all cases, taking place with 
an appreciable loss of entropy. Interpretation based on solution thermodynamic data is 
difficult since the data include the lattice energy term, as it has been mentioned above. 
The different conformations of each calixarene add a further complexity. However, 
negative solution enthalpies are often found when ligand-solvent interactions 
occur61,65,145. The relatively low solubility of these compounds in these solvents impede 
NMR studies on these systems. Therefore, based on solubility data recently reported 
for calix(n)arene derivatives151 and the selective properties of these ligands for metal 
cations, it was decided to carry out lH and l3C NMR spectrophotometric studies on 
these systems and these are now discussed.
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5.2. STRUCTURAL STUDIES ON CALIXARENE ESTERS
5.2.1. *H NMR spectroscopy
The effect of different solvents on calix(4)arene esters [methyl p-tert-butyl 
calix(4)arene tetraacetate (TME), ethyl p-ter/-butylcalix(4)arene tetraacetate (TEE) 
and butyl /?-te/7-butylcalix(4)arene tetraacetate (TBE)] (Fig. 5.2) has been studied by 
'H NMR measurements. CDC13 was used as the reference solvent.
c h 3 \
r  = - c h 3
R = -CH2-CH3
r = - c h 2-c h 2-c h 2-c h 3
Fig. 5.2. Structures of methyl /?-ter/-butylcalix(4)arene tetraacetate, ethyl p-tert-butyl 
calix(4)arene tetraacetate and butyl /?-te/V-butylcalix(4)arene tetraacetate
Tables 5.4-5.6 show the proton chemical shifts (5) and A8 values of TME, TEE and 
TBE in acetonitrile, benzonitrile and acetone at 298 K.
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T a b l e  5 .4 .  P r o to n  c h e m ic a l sh ifts  ( 6 )  a n d  A S  v a lu e s  o f  T M E  in  d if fe r e n t  s o lv e n ts  a t
2 9 8  K
/  <rH3 \
H3 C - C - C H 3
O— CH 2 CO O CH 3
4 5
PEAK ACETONITRILE BENZONITRILE ACETONE
6 (ppm) AS (ppm)a 5 (ppm) A8 (ppm)a 5 (ppm) A5 (ppm)a
H (l) 1.11 0.04 1.19 0.12 1.11 0.04
H(2) 6.99 0.21 _b 6.89 0.11
H(3) (exo) 3.22 0.04 3.42 0.23 3.22 0.03
(endo) 4.77 -0.06 5.09 0.26 4.91 0.08
H(4) 4.77 -0.04 4.89 0.08 4.82 0.01
H(5) 3.72 -0.04 3.67 -0.09 3.76 0.00
a - A8 values taken chloroform as the reference solvent.b- The chemical shift of H(2)
could not be detected due to the overlap with the solvent peaks.
The chemical shifts for the TME protons in CDC13 are: 5H(1) = 1.07 ppm, SH(2) = 
6.78 ppm, 8H(3) = 3.19 ppm (exo) and 4.83 ppm (endo), 5H(4) = 4.81 ppm and 
5H(5) = 3.76 ppm.
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T a b l e  5 .5 .  P r o to n  c h e m ic a l sh ifts  ( 8 )  a n d  A 8  v a lu e s  o f  T E E  in  d if f e r e n t  s o lv e n ts  a t
2 9 8  K
0 - C H 2C 0 0 C H 2CH3
4 5 6
PEAK ACETONITRILE BENZONITRILE ACETONE
8 (ppm) A8 (ppm)a 8 (ppm) A8 (ppm)a 8 (ppm) AS (pi
H (l) 1.12 0.05 1.19 0.12 1.11 0.04
H(2) 7.00 0.23 __b — 6.88 0.11
H(3) (exo) 3.23 0.04 3.43 0.24 3.22 0.03
(endo) 4.78 -0.07 5.12 0.27 4.92 0.07
H(4) 4.76 -0.04 4.89 0.09 4.82 0.02
H(5) 4.18 -0.03 4.18 -0.03 4.22 0.01
H(6) 1.26 -0.02 1.24 -0.04 1.29 0.01
a- A8 values taken chloroform as the reference solvent. b- The chemical shift of H(2) 
could not be detected due to the overlap with the solvent peaks.
The chemical shifts for the TEE protons in CDC13 are: 8H(1) =1.07 ppm, 8H(2) =
6.77 ppm, SH(3) =3.19 ppm (exo) and 4.85 ppm (endo), SH(4) = 4.80 ppm,
SH(5) = 4.21 ppm and 8H(6) = 1.28 ppm.
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T a b l e  5 .6 .  P r o to n  c h e m ic a l s h ifts  ( 5 )  a n d  A S  v a lu e s  o f  T B E  in  d if fe r e n t  s o lv e n ts  a t
298 K
/
h 3c
CHs \
- c - c h 3
& . ]  
y ™ 2 A
O - C  HoC OOC h 2c  h2c  h2c  h
4 5 6 7  8
3
PEAK ACETONITRILE BENZONITRILE
8 (ppm) A8 (ppm)a 8 (ppm) AS (ppm)
H (l) 1.12 0.05 1.19 0.12
H(2) 7.01 0.24 __ b —
H(3) (exo) 3.24 0.06 3.44 0.26
(endo) 4.78 -0.08 5.14 0.28
H(4) 4.77 -0.04 4.94 0.13
H(5) 4.13 0.00 4.12 -0.01
H(6) 1.63 0.00 1.54 -0.09
H(7) 1.37 0.01 1.31 -0.05
H(8) 0.93 0.00 0.87 -0.06
a- AS values taken chloroform as the reference solvent.b- The chemical shift of H(2) 
could not be detected due to the overlap with the solvent peaks.
The chemical shifts for the TBE protons in CDC13 are: SH(1) = 1.07 ppm, 8H(2) =
6.77 ppm, 8H(3) = 3.18 (exo) and 4.86 ppm (endo), SH(4) = 4.81 ppm, 8H(5) = 4.13 
ppm, SH(6) = 1.63 ppm, 8H(7) = 1.36 ppm, and SH(8) = 0.93 ppm].
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As a representative example Fig. 5.3 shows the *H NMR spectra of ethyl p-tert- 
butylcalix(4)arene tetraacetate (TEE) in chloroform, acetonitrile, benzonitrile and 
acetone at 298 K.
a)
b)
c)
d)
G .fl S . 3 5 . 0  4 . 5  4 .0  3 .  5 3 . 0  2 . 5
PPM
Fig. 5.3. 'H NMR spectra of relevant hydrogens of TEE in a) chloroform, b) 
acetonitrile, c) benzonitrile and d) acetone at 298 K
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The effect of these solvents on calix(4)arene esters will be discussed taking into 
account the A5 values observed for the different protons of the calixarenes in each 
solvent relative to chloroform.
NMR data shown in Tables 5.4-5.6 reveal that the protons of the methylene groups 
attached to the aromatic rings in the ortho position are non-equivalent. These 
hydrogens have been named exo and endo. Table 5.7 shows the difference of the 
chemical shifts obtained for the mentioned protons.
Table 5.7. A5 values for the H(3) of TME, TEE and TBE in chloroform, acetonitrile, 
benzonitrile and acetone at 298 K
A5 (ppm)
SOLVENT TME TEE TBE
Chloroform 1.64 1.66 1.68
Acetonitrile 1.55 1.55 1.54
Benzonitrile 1.67 1.69 1.70
Acetone 1.69 1.70 -----
In chloroform, benzonitrile and acetone; it is found that as the size of the ester 
moiety increases (methyl to ethyl to butyl) the differences in the endo and exo chemical 
shifts increase for the free ligand due to the steric effect of the ester alkyl group, which 
makes the confronting aromatic rings more parallel to each other. In acetonitrile, these 
differences are smaller and independent of the ester alkyl group because the
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confronting aromatic rings are less parallel by increasing the proximity of the /-butyl 
groups in the upper rim; as a result of the presence of the acetonitrile in the 
hydrophobic cavity. This effect is again reflected in the shielding effect of the aromatic 
rings for the endo proton.
Regarding the methylene ester protons H(4) it is observed that they are not affected 
by the bulkiness of the ester moiety, except for benzonitrile which shows downfield 
shifts as a result of solvent effect, which makes the aromatic rings more parallel to each 
other. Solvent effects on TME, TEE and TBE show upfield shifts of the Clfy in 
acetonitrile relative to chloroform and benzonitrile, resulting again of the effect of the 
former solvent, which locates the Cffy methylene groups in the shielding zone of the 
aromatic rings.
The chemical shift values for the aromatic protons H(2) show a deshielding effect in 
going from chloroform to acetonitrile. This could be attributed to a slight 
conformational reorganisation of the calixarene ester due to the presence of MeCN 
inside the hydrophobic cavity which results in a proximity of the aromatic rings.
The conclusion reached by ’H NMR data on the inclusion of acetonitrile in the 
calixarene ester molecule has been already reported by Danil de Namor and co­
workers34 on the basis of solution thermodynamic studies of TEE and its alkaline metal 
complexes in acetonitrile and methanol at 298.15 K.
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5 . 2 . 2 . 13C  N M R  s p e c t r o s c o p y
13C NMR studies have been carried out for TEE and TBE in acetonitrile and in 
benzonitrile at 298 K to corroborate the results previously obtained by ’H NMR 
spectroscopy. Tables 5.8 and 5.9 show the carbon chemical shifts (5) and A5 values of 
TEE and TBE in these solvents at 298 K.
The 13C NMR of TEE and TBE in acetonitrile at 298 K shows downfield shifts for 
all carbons compared with the corresponding spectrum in CHCl3; attributed to the 
interaction of acetonitrile with the hydrophobic cavity of the calixarene esters, which 
makes the confronting aromatic rings less parallel to each other by increasing the 
proximity of the /-butyl groups in the upper rim. This is in agreement with the 
conclusions drawn from the 'H NMR spectra of these compounds discussed above. As 
far as benzonitrile is concerned, the 13C NMR spectra show small downfield shifts 
relative to chloroform. However, the upheld shifts observed for C(6), C(8), C(9) and 
C (ll)  for TEE and C(6), C(8), C(9), C(10) and C(13) for TBE are the result of the 
effect of the aromatic ring current (anisotropic effect) of the solvent on the calixarene 
ring (through space interaction).
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eCH3 \
T a b l e  5 .8 .  C a rb o n  c h e m ic a l s h ifts  ( 5 )  a n d  A S  v a lu e s  o f  T E E  in  a c e to n it r i le  a n d
b e n z o n itr i le  a t  2 9 8  K
o - c h 2c o o c h 2c h 3 
8 9  10 11
PEAK ACETONITRILE BENZONITRILE
S (ppm) AS (ppm)a S (ppm) AS (ppm):
C(l) 145.48 1.37 144.17 0.06
C(2) 133.56 1.15 ...b —
C(3) 125.53 1.23 124.65 0.35
C(4) 152.73 0.79 152.46 0.52
C(5) 33.48 0.70 32.81 0.03
C(6) 30.45 0.11 30.30 -0.04
C(7) 31.26 1.31 30.99 0.14
C(8) 71.03 0.82 70.88 -0.33
C(9) 170.11 0.62 169.26 -0.23
C(10) 60.17 0.91 59.28 0.02
C (ll) 13.39 0.21 13.08 -0.10
a- AS values taken chloroform as the reference solvent. b- The chemical shift of C(2) 
could not be detected due to the overlap with the solvent peaks.
The chemical shifts for the TEE carbon atoms in chloroform are: 5cci)~ 144.11 ppm, 
SC(2) = 132.41 ppm, Sc(3) = 124.30 ppm, Sc(4) = 151.94 ppm, Sc(5) = 32.78 ppm, SC(6) = 
30.34 ppm, Sc(7) = 29.95 ppm, Sc(8) = 71.21 ppm, Sc(9) = 169.49 ppm, 5C(10) = 59.26 
ppm, and 5C(11)= 13.18 ppm.
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T a b l e  5 .9 .  C a r b o n  c h e m ic a l s h ifts  ( 5 )  a n d  A 8  v a lu e s  o f  T B E  in  a c e to n it r i le  a n d
b e n z o n it r i le  a t  2 9 8  K
PEAK ACETONITRILE
o - c h 2c o o c h 2c h 2c h 2c h 3 
8 9 10 11 12 13
BENZONITRILE
8 (ppm) A8 (ppm)a 8 (ppm) A8 (ppm);
C(l) 145.47 1.39 144.16 0.08
C(2) 133.53 1.11 ___b —
C(3) 125.52 1.24 124.66 0.38
C(4) 152.73 0.71 152.50 0.48
C(5) 33.47 0.70 32.82 0.05
C(6) 30.44 0.11 30.31 -0.02
C(7) 31.30 1.37 31.06 1.13
C(8) 70.99 0.77 70.80 -0.42
C(9) 170.15 0.58 169.34 -0.23
C(10) 63.94 0.77 63.12 -0.05
C (ll) 30.28 0.65 29.64 0.01
C(12) 18.63 0.58 18.08 0.03
C(13) 12.87 0.16 12.66 -0.05
a- A5 values taken chloroform as the reference solvent. b- The chemical shift of C(2) 
could not be detected due to the overlap with the solvent peaks.
chemical shifts for the TBE carbon atoms in chloroform are (5C(1) =14
n o   s _  o o  s =  1 5 2  0 2  p p m j  § c ^  =  22.71 p
5c(9) = 169.57 ppm, 8C( 
= 18.05 ppm, and 5C(13) =12.71 ppm).
The
Sc(2) = 132.42 ppm, Sc(3) 
30.33 ppm, 8C(7)
124.28 ppm, 8C(4)
n™ = 29.93 ppm, 8c(g) = 71.22 ppm, C
PPm, Sc(u) = 29.63 ppm, 8C(I2)
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5 3 .  C O N C L U S I O N S
The results obtained on solubilities of the parent calixarenes in organic solvents 
indicate that:
i) in general, these values are lower for /?-fer/-butylcalix(8)arene relative to the 
tetramer. These may be attributed to the higher number of hydrogen bonding in the 
former relative to the latter
ii) Transfer Gibbs energy data reveal that these calixarenes are better solvated in most 
solvents studied than in acetonitrile. However, the best solvators are benzonitrile, 
N,N-dimethylformamide (particularly for the octamer) and chloroform. Suitable
p)
microcalorimetric devices developed by Wadso for the determination of enthalpy 
data for slightly soluble compounds should be used to derive solution enthalpy data 
for parent calix(n)arenes.
*H and 13C NMR data on calix(4)arene ester derivatives in acetonitrile, benzonitrile 
and acetone, relative to chloroform, reflect a) the interaction of acetonitrile with the 
hydrophobic cavity of the parent calixarene, and b) the influence of the ester moiety of 
the macrocyclic ligand with the solvent. It must be emphasised that in the particular 
case of calixarene derivarives, studies on macrocycl -solvent interactions are 
extremelly important due to their implications on cation complexation reactions as 
recently shown by Danil de Namor and co-workers34'151.
1 , 1. Wadso, Pure &Appl. Chem., 1989, 61, 123.
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CHAPTER 6
CONDUCTIMETRIC, THERMODYNAMIC 
AND STRUCTURAL STUDIES ON THE 
INTERACTION OF PARENT CALIXARENES 
AND AMINES IN BENZONITRILE
This chapter is concerned with the interactions of /7-te/ /-butylcalix(n)arene (n = 6,8) 
and different amines in benzonitrile. The structures of the molecules involved are 
presented in Fig. 6.1.
Macrobicyclic cryptands are considered to be an attractive group o f macrocyclic 
diamines. They are characterised by an intramolecular cavity and, therefore, these 
compounds have distinctive properties with respect to (a) amines, already considered 
in calixarene chemistry, and (b) the monocyclic cryptands (loops). Thus, the study of 
these interactions is of interest.
Studies involving benzonitrile as the non-aqueous medium have been carried out for 
the first time. Benzonitrile was selected because, unlike acetonitrile, a phase separation 
between water and benzonitrile can be achieved, allowing direct partitioning of amines 
in the water-benzonitrile solvent system.
Conductimetric, thermodynamic and structural studies on these interactions, as well 
as the extraction of amines by /?-fe/Y-butylcalix(n)arene are now discussed.
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6 .1 .  C O N D U C T J M E T R I C  S T U D I E S
The determination of the cell constant was performed as indicated in section 3.14.2. 
Table 6.1 shows the specific conductivities of KC1, at various concentrations, as well 
as the difference values o f the cell constant (0) for those concentrations, in water at
298.15 K.
Table 6.1. Conductivity cell constant as obtained using Lind et a /.135 conductance 
equation for KC1 in water at 298.15 K
c A 0
mol.dm'3 S.cm2.mol‘l cm'1
8.13 xlO-4 147.24 0.1029
1.42 x lO '3 146.40 0.1030
1.88 x lO '3 145.99 0.1040
2.41 x lO '3 145.39 0.1037
3.27 x lO '3 144.69 0.1043
4.27 x lO '3 144.00 0.1044
5.47 x lO '3 143.29 0.1042
6.12 x lO '3 142.94 0.1043
7.04 x lO '3 142.49 0.1042
8.05 x lO '3 142.04 0.1041
The average value of the conductivity cell constant is 0 = 0.1039 + 5 x lO^cm"1.
1 8 0
In a situation where two neutral, and therefore, non-conducting species (calixarene 
and amine) interact to give a new electrolyte, by a proton transfer reaction from the 
calixarene to the amine, conductance studies will provide the most suitable means to 
quantify the extent of these interactions.
Thus, Figs. 6.2-6.12 show the conductimetric curves for the titration of Calix 8 and 
Calix 6 (non-electrolyte, k  0) with different amines in benzonitrile at 298.15 K.
[Cry 222]/[Calix 8]
Fig. 6.2. Conductimetric titration curve of Jp-fer/'-butylcalix(8)arene and cryptand 222 
in benzonitrile at 298.15 K
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[Cry 22]/[Calix 8]
Fig. 6.3. Conductimetric titration curve of /?~ferf-butylcalix(8)arene and cryptand 22 in 
benzonitrile at 298.15 K
F ig .  6 .4 .  C o n d u c t im e t r ic  t i t r a t io n  c u r v e  o f  /? - /e /Y -b u ty ic a l ix (8 )a r e n e  a n d  t r ie th y la m in e
in  b e n z o n it r i le  a t  2 9 8 .1 5  K
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Fig. 6.5. Conductimetric titration curve of /?-ter/-butylcalix(8)arene and te/7~butylamine 
in benzonitrile at 298.15 K
[Atropine]/[Calix 8]
F ig .  6 .6 .  C o n d u c t im e tr ic  t i t r a t io n  c u rv e  o f  /? - /e r / -b u ty lc a l ix (8 )a r e n e  a n d  a tro p in e
in  b e n z o n it r i le  a t  2 9 8 .1 5  K
1 8 3
3[Tropine]/[Calix 8]
Fig. 6.7. Conductimetric titration curve of /?-/e/7-butylcalix(8)arene and tropine 
in benzonitrile at 298.15 K
F ig .  6 . 8 . C o n d u c t im e t r ic  t i t r a t io n  c u rv e  o f  /7 - t e r t -b u ty lc a l ix (8 )a r e n e  a n d  l - a m in o
a d a m a n ta n e  in  b e n z o n it r i le  a t  2 9 8 .1 5  K
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[Cry 222]/[Calix 6]
Fig. 6.9. Conductimetric titration curve of /?-fer/-butylcalix(6)arene and cryptand 222 
in benzonitrile at 298.15 K
F ig .  6 .1 0 .  C o n d u c t im e tr ic  t i t r a t io n  c u r v e  o f  /? - te /7 -b u ty lc a l ix (6 )a r e n e  a n d  c ry p ta n d  2 2
in  b e n z o n itr i le  a t  2 9 8 .1 5  K
1 8 5
Fig. 6.11. Conductimetric titration curve of /?-te/7-butylcalix(6)arene and triethylamine 
in benzonitrile at 298.15 K
[TBA]/[Calix 6]
F ig .  6 .1 2 .  C o n d u c t im e t r ic  t i t r a t io n  c u rv e  o f  £ > - te /7 -b u ty lc a lix (6 )a re n e  a n d  tert-
b u ty la m in e  in  b e n z o n itr i le  a t  2 9 8 .1 5  K
1 8 6
The results clearly demonstrate that
i) as the reaction proceeds A-B (see Fig. 6.2), there is an increase of conductivity, 
which is attributed to the formation of ions in solution, consequence of the proton 
transfer from the calixarene to the amine;
ii) in all cases, 1:1 amine-calixarene adducts are formed;
iii) although ciyptands (Ciy 222 and Cry 22) possess two potential sites of 
interaction due to the presence of two nitrogen atoms in their molecules, each one 
able to take up a proton, the similar conductance results observed for these 
diamines relative to monoamines, where a single proton is involved, provide an 
indication that only one proton is transferred from the calixarene to the cryptands.
Conductimetric titrations involving phenol in dipolar aprotic media153 are 
characterised for the presence of a maxima before 100 % neutralisation, which is 
mainly due to homoconjugation reactions between the phenolate (anion) and the 
phenol (its conjugated acid). Nevertheless, these reactions are negligible153 for those 
anions that do not have a localised charge. The absence of such maxima in the titration 
curves shown in Figs. 6.2-6.12 strongly suggests the existence of a delocalised charge 
on the calixarenate anion. This stament is ratified by the 13C NMR studies for these 
systems in benzonitrile which will be discussed shortly.
Tables 6.1-6.11 show the amine and calixarene concentration data as well as k values 
for each step of the titration. Analysis of these data yielded Ks, Ka and A°. The method 
of analysis will be given in section 6.1.1.
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T a b l e  6 .1 .  A m in e  a n d  c a lix a re n e  c o n c e n tra t io n  d a ta  a n d  k  v a lu e s  f o r  th e  t i t r a t io n  o f
p-tert-  b u ty lc a l ix (8 )a r e n e  w i th  c ry p ta n d  2 2 2  in  b e n z o n it r i le  a t  2 9 8 .1 5  K
CCalix ^Aminc K
mol.dm"3 m ol.dm'3 S.cm"1
5 .70  x 10"* 1 .3 7  x 10"* 2.94 x 10*6
5 .59  x 10-4 3 .2 3  x 10"* 6.08 x lO"6
5.49 x Iff* 5 . 1 1  x 10"* 8 .16  x 10'6
5 .39  x 10"* 6 .76 x 10"* 9 .14  x 10 '6
5 .3 1  x 10"* 8 .27 x 10"* 9.59 x 10"6
5.2 4  x 10"* 9.54 x 10"* 9.79 x 10 ^
5 .1 4  x 10"4 1 . 1 2  x 10'3 9.90 x 10'6
5 .0 5  x KT* 1.2 8  x lO"3 9.84 x 10**
4.96 x 10"* 1.44 x 10'3 9.78 x 10"6
4.88 x 10"* 1.5 9  x 10'3 9 .7 1 x 10"6
CCalix
mol.dm'
^Aminc
mol.dm"3
K
S .cm '1
4.79 x 10"* 1.7 4  x 10"3 9.69 x 10'6
4 .72  x 10"* 1.8 7  x 10"3 9.67 x 10"6
4.66 x 10"* 1.9 8  x 10 '3 9.59 x 10"6
4.60 x 10"* 2.08 x 10"3 9 .5 1  x 10'6
4.54 x 10"* 2 .1 8  x 10"3 9.42 x 10"6
4.48 x 10"* 2 .28  x I f f 3 9.34 x 10 45
4.42 x 10"* 2 .3 9  x 10"3 9.24 x 10 45
4.36 x 10"* 2.49 x 10"3 9 .14  x 10"6
4 .3 1  x 10"* 2 .5 9  x 10"3 9.06 x 10-6
4 .27 x 10"* 2.66 x 10"3 8.99 x 10 45
Table 6.2. Amine and calixarene concentration data and k  values for the titration of 
/?-fer/-butylcalix(8)arene with cryptand 22 in benzonitrile at 298.15 K
Ccalix
m ol.dm '3
^Amine
mol.dm"3
K
S.cm '1
CCalix
mol.dm'3
^Amine
mol.dm"3
K
S .cm '1
1.99 x 10"* 1.69 x I0‘s 0.36 x lO 6 1.73 x 10"* 1.92 x 10"* 2.69 x 10 ‘6
1.95 x 10"* 4.16 x 10 ’5 8.62 x 1045 1.71 x 10"* 2.08 x 10"* 2.78 x 10'6
1.92 x 10"* 6.41 x 10 '5 1.28 x 1045 1.69 x 10"* 2.25 x 10"* 2.85 x io -*
1.89 x 10"* 8.34 x 10 ‘5 1.60 x lO"6 1.66 x 10"* 2.41 x 10"1 2.91 x 10 '*
1.87 x 10"* 9.54 x 10"5 1.78 x 1045 1.64 x 10"* 2.57 x 10"* 2.95 x 10’6
1.85 x 10"* 1.10  x 10"* 1.98 x lO'6 1.62 x 10 "* 2.74 x 10"* 2.99 x 10'6
1.82 x 10"* 1.33 x 10"* 2.19 x 10 ’6 1.59 x 10"* 2.90 x 10"* 3.01 x 10'6
1.80 x 10"* 1.47 x 10"* 2.34 x 1045 1.57 x 10"* 3.01 x 10"* 3.02 x lO'6
1.78 x 10"* 1.62 x 10"* 2.47 x 1045 1.56 x 10"* 3.09 x 10"* 3.03 x lO'6
1.76 x IQ-4 1.74 x 10"* 2.57 x 10 '6 1.55 x lO*4 3.15  x 10"* 3.04 x lO'6
1 8 8
T a b l e  6 .3 .  A m in e  a n d  c a lix a re n e  c o n c e n tra t io n  d a ta  and  k  v a lu e s  f o r  th e  t i t r a t io n  o f
p - f e / t - b u ty lc a l ix (8 ) a r e n e  w i th  t r ie th y la m in e  in  b e n z o n it r i le  a t  2 9 8 .1 5  K
CCaIix ^Aminc K ^Calix ^Amine K
mol.dm' mol.dm'3 S.cm' mol.dm'3 mol.dm'3 S.cm' 1
1.63 X IO'3 8.16 X IO5 2.14 X 10-6 1.45 X 10'3 1.83 X IO'3 2.67 X IO'5
1.62 X 10'3 2.42 X 10"* 6.42 X IO'6 1.43 X IO’3 2.02 X IO'3 2.76 X 10‘5
1.61 X IO'3 3.21 X lO"4 8.28 X io-6 1.41 X IO'3 2.20 X IO'3 2.82 X IO'5
1.60 X 10'3 3.99 X lO"4 1.01 X IO'5 1.39 X IO'3 2.38 X IO'3 2.86 X IO'5
1.59 X IO'3 4.77 X 10"4 1.17 X IO’5 1.37 X IO'3 2.62 X IO'3 2.90 X IO'5
1.58 X lO'3 5.54 X lO"4 1.31 X IO'5 1.35 X IO'3 2.80 X IO'3 2.93 X IO'5
1.57 X IO3 6.30 X 10-4 1.45 X IO'5 1.33 X IO'3 3.02 X IO3 2.94 X IO'5
1.56 X 10'3 7.05 X 10"* 1.58 X 10'5 1.31 X IO'3 3.23 X IO'3 2.95 X IO'5
1.55 X 10'3 7.80 X 10"* 1.70 X IO*5 1.28 X IO'3 3.43 X IO'3 2.94 X 10‘5
1.54 X 10'3 9.27 X 10"* 1.91 X IO'5 1.26 X IO’3 3.63 X IO'3 2.93 X 10'5
1.53 X IO'3 1.07 X lO’3 2.08 X 10-5 1.25 X IO'3 3.75 X IO'3 2.92 X io-5
1.51 X 10'3 1.21 X IO'3 2.24 X IO'5 1.23 X IO3 3.94 X IO'3 2.91 X IO'5
1.50 X 10'3 1.35 X io-3 2.37 X 10‘5 1.21 X IO'3 4.12 X IO'3 2.90 X IO’5
1.49 X 10'3 1.49 X IO'3 2.47 x 10'5 1.18 X IO'3 4.38 X IO'3 2.86 X IO'5
1.47 X IO'3 1.63 X IO'3 2.57 X IO'5
Table 6.4. Amine and calixarene concentration data and k values for the titration of 
£>-te/7-butylcalix(8)arene with tert-butylamine in benzonitrile at 298.15 K
CCalix ^Aminc K ^Calix C'Amine K
mol.dm'3 mol.dm'3 S.cm' 1 mol.dm'3 mol.dm'3 S.cm' 1
1.74 x IO'3 4.22 x 10"* 7.39 x 10^ 1.60 x IO'3 3.50 x IO'3 2.39 x IO'5
1.73 x IO'3 6.30 x 10"* 1.00 x IO'5 1.59 x 103 3.85 x IO'3 2.45 x IO'5
1.72 x IO'3 8.36 x 10"* 1.21 x IO'5 1.57 x IO'3 4.20 x IO'3 2.49 x IO'5
1.71 x IO'3 1.04 x IO'3 1.40 x IO 5 1.56 x IO'3 4.54 x IO'3 2.52 x IO'5
1.70 x IO'3 1.24 x IO'3 1.55 x 10'5 1.54 x IO'3 4.87 x IO 3 2.55 x 10'5
1.69 x IO'3 1.44 x IO'3 1.69 x IO'5 1.53 x IO'3 5.19 x IO'3 2.56 x 10'5
1.69 x IO’3 1.64 x IO’3 1.79 x IO'5 1.51 x IO"3 5.51 x IO'3 2.57 x IO’5
1.68 x IO'3 1.83 x IO'3 1.89 x IO'5 1.50 x IO'3 5.82 x IO’3 2.58 x IO'5
1.67 x IO'3 2.02 x 10‘3 1.98 x 10‘5 1.48 x 10‘3 6.13 x IO'3 2.59 x IO'5
1.66 x IO'3 2.21 x 10'3 2.05 x IO'5 1.46 x IO'3 6.58 x IO 3 2.59 x IO'5
1.65 x IO'3 2.40 x IO'3 2.12 x IO'5 1.44 x IO'3 7.02 x IO'3 2,58 x IO'5
1.64 x IO 3 2.59 x IO’3 2.18 x IO'5 1.42 x IO’3 7.44 x IO'3 2.57 x IO'5
1.63 x IO 3 2.78 x IO'3 2.24 x IO'5 1.40 x IO"3 7.85 x IO’3 2.56 x 10‘5
1.62 x 10‘3 2.96 x 10'3 2.28 x IO'5 1.37 x IO'3 8.52 x IO 3 2.54 x IO'5
1.61 x IO 3 3.32 x IO'3 2.36 x 10‘5 1.36 x IO'3 8.78 x IO'3 2.52 x 10‘5
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T a b l e  6 .5 .  A m in e  a n d  c a lix a re n e  c o n c e n tra t io n  d a ta  a n d  k  v a lu e s  f o r  th e  t i t r a t io n  o f
/? -fe /7 ,-b u ty lc a l ix (8 )a r e n e  w ith  a tro p in e  in  b e n z o n it r i le  a t  2 9 8 .1 5  K
^Calix Gamine K
mol.dm'3 mol.dm'3 S.cm' 1
1.65 x IO*3 8.48 x O'5 1.37 x q-6
1.64 x IO’3 1.69 x 0-4 2.76 x 0-6
1.63 x IO'3 2.52 x q-4 3.95 x q-6
1.63 x 10'3 3.34 x 0-4 4.95 x q-6
1.62 x IO’3 4.15 x 0-4 5.87 x 0-6
1.61 x IO’3 4.96 x O'4 6.68 x 0-6
1.60 x IO3 5.76 x 0-4 7.41 x O'6
1.59 x IO'3 6.55 x O'4 8.07 x 0-6
1.59 x IO'3 7.33 x O'4 8.70 x 0-6
1.58 x IO’3 8.10 x O'4 9.27 x 0-6
1.56 x IO’3 9.63 x O-4 1.03 x O-5
1.55 x IO'3 1.11 X O’3 1.11 x O-5
1,53 x IO’3 1.26 x O’3 1.19 x O'5
1.52 x IO'3 1.40 x O'3 1.25 x O'5
1.50 x 10'3 1.54 x O'3 1.31 x O'5
1.49 x 10‘3 1.68 x 0-3 1.36 x O'5
1.48 x IO'3 1.82 x O'3 1.41 x O'5
1.46 x IO'3 1.95 x 0-3 1.45 x O-5
1.45 x IO’3 2.08 x 0‘3 1.48 x O'5
1.44 x IO'3 2.21 x O'3 1.51 x O-5
Ccalix C Amine K
mol.dm'3 mol.dm'3 S.cm' 1
1.42 x O'3 2.34 x IO'3 1.54 x o-5
1.41 x O'3 2.46 x IO'3 1.57 x o-5
1.40 x O'3 2.59 x IO’3 1.59 x O'5
1.39 x O'3 2.71 x IO’3 1.61 x o-5
1.37 x 0‘3 2.82 x 10‘3 1.62 x o-5
1.36 x o-3 2.93 x IO’3 1.64 x o-5
1.35 x O'3 3.05 x IO3 1.65 x o-5
1.34 x O’3 3.16 x IO’3 1.67 x o-5
1.33 x O'3 3.27 x 10‘3 1.68 x o-5
1.31 x O'3 3.43 x IO3 1.69 x o-5
1.30 x o-3 3.59 x IO'3 1.70 x o-5
1.28 x O'3 3.74 x IO'3 1.71 x o-5
1.27 x 0‘3 3.89 x 10‘3 1.71 x O'5
1.25 x O'3 4.04 x 10-3 1.72 x O-5
1.24 x O'3 4.18 x IO*3 1.72 x O-5
1.22 x O'3 4.32 x 10‘3 1.72 x O-5
1.21 x O'3 4.46 x 10‘3 1.72 x O-5
1.20 x O'3 4.55 x IO'3 1.72 x O-5
1.19 x O'3 4.68 x IO*3 1.71 x O-5
1.17 x 0-3 4.81 x IO*3 1.71 x O'5
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T a b l e  6 .6 .  A m in e  a n d  c a lix a r e n e  c o n c e n tra t io n  d a ta  a n d  k  v a lu e s  f o r  th e  t i t r a t io n  o f
p - /e r / - b u t y lc a l ix (8 ) a r e n e  w i t h  t r o p in e  in  b e n z o n itr i le  a t  2 9 8 .1 5  K
CCalix A^mine
mol.dm'3 moldin'3
1.64 x KT3 7.67 x 10'5
1.63 x 10*3 1.52 x 10"*
1.62 x 10'3 2.28 x 10"*
1.62 x KT3 3.02 x 10"*
1.61 x lO'3 3.76 x 10"*
1.60 x 10'3 4.48 x 10"*
1.59 x 10'3 5.20 x 10"*
1.58 x 10'3 5.92 x 10"*
1.58 x 10'3 6.62 x 10"*
1.57 x 10'3 7.32 x 10"*
1.55 x 10'3 8.70 x 10"*
1.54 x 10'3 1.01 x 10'3
1.52 x 10 3 1.14  x 10'3
1.5 1 x 10‘3 1.27 x 10'3
1.49 x 10'3 1.40 x 10'3
1.47 x 10’3 1.64 x 10'3
K CCalix
S.cm'1 mol.dm'3
1.76 x 10-* 1.45x 10'3
3.53 x 10-* 1.44 x 10'3
5.34 x 1045 1.43 x 10'3
6.94 x 1045 1.4 1 x lO'3
8.63 x 1045 1.40 x 10'3
1.01 x 10'5 1.39 x 10'3
1.16  x 10'5 1.38 x 10'3
1.29 x 10'5 1.37 x 10'3
1.42 x 10'5 1.36 x 10'3
1.54 x 10'5 1.34 x 10'3
1.78 x 10'5 1.33 x 10'3
1.98 x 10'5 1.32 x 10'3
2.14 x 10'5 1.30 x 10'3
2.29 x 10'5 1.29 x 10'3
2.41 x 10'5 1.27 x 10‘3
2.58 x 10'5 1.26 x 10'3
A^minc K
mol.dm'3 S.cm*1
1.76 x lO'3 , 2.65 x lO’5
1.87 x 10'3 2.70 x 10'5
1.99 x lO'3 2.74 x 10'5
2.11 x 10 '3 2.77 x 10’5
2.22 x 10 3 2.79 x 10'5
2.33 x 10'3 2.81 x 10'5
2.44 x 10'3 2.82 x 10'5
2.54 x 10 '3 2.80 x 10'5
2.64 x 10'3 2.82 x 10'5
2.75 x 10'3 2.82 x 10'5
2.85 x 10'3 2.81 x 10'5
3.95 x 10'3 2.80 x 10'5
3.09 x 10'3 2.79 x lO'5
3.24 x lO"3 2.77 x 10'5
3.38 x 10'3 2.75 x 10'5
3.51 x 10’3 2.73 x 10'5
1 9 1
Table 6.7. Amine and calixarene concentration data and k values for the titration of 
/?-fer/-butylcalix(8)arene with 1-aminoadamantane in benzonitrile at 298.15 
K
^Calix ^Amine K CCalix ^Aminc K
mol.dm'3 mol.dm'3 S.cm' 1 mol.dm'3 mol.dm'3 S.cm' 1
1.03 x 10'3 3.56 x IO’5 7.74 x IO’7 8.41 x IO"4 1.22 x o-3 7.67 x 10+
1.03 x IO'3 7.09 x 10+ 1.37 x 10-* 8.34 x IO-4 1.27 x O'3 7.76 x 10+
1.02 x 10'3 1.06 x IO*4 1.89 x 10-* 8.26 x 10+ 1.31 x O'3 7.84 x 10+
1.01 x 10+ 1.40 x IO-4 2.32 x 10-* 8.19 x 10-4 1.36 x 0‘3 7.91 x 10+
1.00 x 10'3 2.08 x IO-4 3.06 x IO*6 8.12 x 10-4 1.40 x O'3 7.97 x 10+
9.94 x 10-4 2.75 x IO-4 3.66 x IO'6 8.05 x IO-4 1.45 x 0-3 8.03 x 10+
9.83 x 10+ 3.40 x IO-4 4.17 x IO'6 7.98 x 10+ 1.49 x O-3 8.08 x 10+
9.73 x 10+ 4.03 x 10+ 4.63 x IO'6 7.88 x 10+ 1.55 x O'3 8.14 x 10+
9.63 x 10+ 4.66 x 10-4 5.01 x IO’6 7.78 x 10+ 1.62 x 0-3 8.20 x 10+
9.53 x 10-4 5.27 x IO-4 5.36 x 10+ 7.69 x 10+ 1.67 x O’3 8.24 x 10+
9.44 x IO"4 5.87 x IO"4 5.66 x IO'6 7.60 x 10+ 1.73 x O-3 8.28 x 10+
9.34 x 10-4 6.45 x IO-4 5.93 x IO'6 7.51 x 10+ 1.79 x O’3 8.31 x 10+
9.27 x 10+ 6.93 x 10+ 6.15 x IO'6 7.42 x 10+ 1.84 x 0+ 8.33 x 10+
9.18 x 10+ 7.49 x 10-4 6.37 x IO'6 7.33 x 10+ 1.90 x 0+ 8.35 x 10+
9.09 x 10"* 8.05 x IO*4 6.57 x IO’6 7.25 x 10+ 1.95 x 0-3 8.36 x 10+
9.00 x 10-4 8.59 x IO-4 6.76 x 10+ 7.19 x 10+ 1.98 x O-3 8.36 x 10+
8.91 x IO-4 9.12 x IO"4 6.93 x 10 6 7.15 x 10+ 2.01 x 0+ 8.36 x 10+
8.83 x 10-4 9.65 x IO-4 7.08 x IO*6 7.09 x 10+ 2.04 x O'3 8.36 x 10+
8.75 x 10-4 1.02 x 10+ 7.22 x 10+ 7.04 x 10+ 2.08 x 0-3 8.36 x 10+
8.67 x 10-4 1.07 x IO'3 7.34 x IO'6 6.96 x 10+ 2.13 x 0-3 8.36 x 10+
8.59 x 10"* 1.12 x IO'3 7.46 x IO'6 6.88 x 10+ 2.17 x o+ 8.35 x 10+
8.51 x IO-4 1.16 x IO'3 7.56 x 10+
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T a b l e  6 .8 .  A m in e  a n d  c a lix a re n e  c o n c e n tra t io n  d a ta  a n d  k  v a lu e s  f o r  th e  t i t r a t io n  o f
p - f e r f -b u t y lc a l ix ( 6 )a r e n e  w ith  c ry p ta n d  2 2 2  in  b e n z o n it r i le  a t  2 9 8 .1 5  K
^Calix ^  Amine
mol.dm'3 mol.dm'3
6.28 X 10-4 3.38 X 10'5
6.25 X 10-4 6.72 X 10*5
6.22 X 10"* 1.00 X 10"*
6.18 X IO"4 1.33 X 10"*
6.15 X io-4 1.65 X 10"*
6.12 X io-4 1.97 X 10"*
6.09 X 10"* 2.29 X 10"*
6,06 X 10"* 2.60 X 10"*
6.02 X 10"* 2.91 X 10"*
5.99 X 10"* 3.22 X 10"*
5.93 X 10"* 3.83 X 10"*
5.87 X 10"* 4.42 X 10"*
5.81 X 10"* 5.00 X 10"*
K Ccalix
S.cm' 1 mol.dm'3
8.16 X IO'7 5.76 X 10"*
1.58 X 1045 5.70 X 10"*
2.29 X IO'6 5.63 X 10"*
2.99 X IO*6 5.55 X 10"*
3.68 X 10*6 5.47 X 10"*
4.32 X 10'6 5.39 X 10*4
4.94 X io-6 5.32 X 10"*
5.52 X io45 5.26 X 10"*
6.10 X io-6 5.20 X 10"*
6.63 X IO'6 5.12 X 10"*
7.63 X io-6 5.03 X 10"*
8.46 X IO*6 4.94 X 10"*
9.17 X IO'6 4.82 X 10"*
^Aniine K
mol.dm'3 S.cm' 1
5.57 X 10"* 9.71 X 10'6
6.13 X 10"* 1.01 X IO'5
6.84 X 10"* 1.05 X 10'5
7.63 X 10"* 1.07 X IO'5
8.41 X 10"* 1.08 X IO'5
9.16 X 10"* 1.09 X IO'5
9.89 X 10"* 1.09 X 10‘5
1.05 X IO'3 1.08 X IO'5
1 .11 X IO'3 1.08 X IO'5
1.19 X IO'3 1.07 X 10*5
1.27 X IO'3 1.06 X IO'5
1.36 X 10-3 1.05 X IO'5
1.48 X IO'3 1.03 X IO’5
Table 6.9. Amine and calixarene concentration data and k  values for the titration of 
/?-/e/Y-butylcalix(6)arene with cryptand 22 in benzonitrile at 298.15 K
CCalix ^Amine K CCaliIX ^Amine K
mol.dm'3 mol.dm' S.cm’ mol.dm' mol.dm' S.cm' 1
5.25 x 10"* 3.31 X IO'5 6.48 X IO'7 4.75 x 10"* 5.99 x 10"* 8.47 X IO'6
5.22 x 10"* 6.58 X IO'5 1.37 X IO'6 4.71 x 10"* 6.45 x 10"* 8.62 X 10'6
5.19 x 10"* 9.81 X IO'5 2.10 X 10-6 4.64 x 10"* 7.23 x 10"* 8.87 X IO'6
5.16 x 10"* 1.30 X 10"* 2.77 X 1045 4.57 x 10"* 7.99 x 10"* 9.02 X IO'6
5.14 x 10"* 1.62 X 10"* 3.41 X IO’6 4.51 x 10"* 8.73 x 10"* 9.12 X IO'6
5.11 x 10"* 1.93 X 10"* 4.50 X IO'6 4.44 x 10"* 9.44 x 10"* 9.12 X IO'6
5.08 x 10"* 2.24 X 10"* 4.58 X IO'6 4.38 x 10"* 1.01 x IO'3 9.18 X 10'6
5.05 x 10"* 2.55 X 10"* 5.08 X 10‘6 4.32 x 10"* 1.08 x IO'3 9.17 X 10'6
5.03 x 10"* 2.85 X 10"* 5.56 X IO'6 4.30 x 10"* 1.11 x IO'3 9.16 X IO'6
5.00 x 10"* 3.15 X 10"* 5.99 X IO6 4.24 x 10"* 1.17 x 10'3 9.13 X IO'6
4.95 x 10"* 3.74 X 10"* 6.74 X IO'6 4.18 x 10"* 1.24 x IO'3 9.09 X IO'6
4.90 x 10"* 4.32 X 10"* 7.36 X 10'6 4.11 x 10"* 1.32 x IO'3 9.02 X IO'6
X00Tf' 10"* 4.89 X 10"* 7.83 X IO6 4.04 x 10"* 1.40 x IO'3 8.94 X IO'6
4.80 x io-4 5.44 X 10"* 8.18 X IO’6 3.97 x 10"* 1.48 x IO'3 8.86 X IO'6
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T a b l e  6 .1 0 .  A m in e  a n d  c a lix a r e n e  c o n c e n tra t io n  d a ta  a n d  k  v a lu e s  f o r  th e  t i t r a t io n  o f
/? - /< ? r /-b u ty lc a lix (6 )a re n e  w i th  t r ie th y la m in e  in  b e n z o n it r i le  a t  2 9 8 .1 5  K
^ Calix ^Amine X
mol.dm'3 mol.dm'3 S.cm' 1
5.32 X 10-4 3.90 X 10'5 1.05 X 10'6
5.30 X 10"* 7.96 X 10-5 2.00 X 10'6
5.27 X 10"* 1.15 X 10"* 3.10 X lO'6
5.24 X 10"* 1.54 X 10"* 4.15 X 10‘6
5.22 X 10"* 1.91 X 10"* 5.02 X 10'6
5.19 X 10"* 2.28 X 10"* 5.84 X 10*6
5.17 X 10"* 2.65 X 10"* 6.56 X 10'6
5.14 X 10“* 3.01 X 10"* 7.22 X 10'6
5.12 X 10"* 3.37 X 10"* 7.79 X 10'6
5.09 X 10"* 3.73 X 10"* 8.27 X 10'6
5.07 X 10“* 4.08 X 10"* 8.68 X 10'6
5.04 X 10"* 4.43 X 10"* 9.04 X 10'6
5.00 X 10"* 5.13 X 10"* 9.60 X 10'6
4.95 X 10"* 5.80 X 10"* 9.99 X 10'6
^Calix C Amine X
mol.dm'3 mol.dm'3 S.cm' 1
4.90 x 10"* 6.47 x 10"* 1.03 x lO'5
4.86 x 10"* 7.12 x 10"* 1.05 x 10'5
4.81 x 10"* 7.89 x 10"* 1.06 x lO’5
4.74 x 10"* 8.82 x 10"* 1.07 x 10'5
4.68 x 10"* 9.74 x 10"* 1.08 x 10'5
4.62 x 10"* 1.06 x 10'3 1.08 x 10'5
4.56 x 10"* 1.15 x 10'3 1.08 x 10'5
4.50 x 10"* 1.23 x 10'3 1.08 x 10'5
4.46 x 10"* 1.29 x 10'3 1.08 x 10"5
4.41 x 10"* 1.36 x 10'3 1.07 x 10'5
4.36 x lO’3 1.44 x 10'3 1.06 x 10'5
4.29 x 10'3 1.54 x 10'3 1.06 x 10'5
4.22 x 10'3 1.64 x 10'3 1.05 x 10‘5
Table 6.11. Amine and calixarene concentration data and x values for the titration of 
/?-fer/-butylcalix(6)arene with /-butylamine in benzonitrile at 298.15 K
^Calix  ^ ^Amine X  OQabx Amine X
mol.dm'J mol.dm'3 S.cm' 1 mol.dm'3 mol.dm'3 S.cm' 1
5.67 X 10"* 3.87 X 10'5 1.21 X 10’6 5.21 X 10"* 6.41 X 10"* 7.82 X lO6
5.64 X 10"* 7.71 X 10'5 2.22 X 10'6 5.16 X 10"* 7.05 X 10"* 8.00 X 10'6
5.61 X 10"* 1.15 X 10"* 3.07 X 10'6 5.09 X 10"* 7.93 X 10"* 8.20 X 10'6
5.58 X 10"* 1.53 X 10"* 3.78 X 10’6 5.02 X 10"* 8.85 X 10"* 8.34 X 10'6
5.55 X 10"* 1.90 X 10"* 4.40 X 10’6 4.95 X 10"* 9.75 X 10'3 8.42 X 10'6
5.53 X 10"* 2.27 X 10"* 4.92 X 10'6 4.89 X 10"* 1.06 X lO’3 8.47 X 10'6
5.50 X 10"* 2.63 X 10"* 5.36 X 10'6 4.82 X 10"* 1.15 X Iff3 8.49 X lO*6
5.47 X 10"* 2.99 X 10"* 5.75 X 10'6 4.74 X 10"* 1.26 X 10'3 8.48 X 10‘6
5.44 X 10"* 3.35 X 10"* 6.08 X 10'6 4.68 X 10"* 1.34 X 10'3 8.46 X lO6
5.42 X 10"* 3.70 X 10"* 6.38 X 1 0 e 4.62 X 10"* 1.41 X lO'3 8.43 X 10'6
5.36 X 10"* 4.40 X 10"* 6.88 X lO'6 4.56 X 10"* 1.49 X lO’3 8.39 X 10'6
5.31 X 10"* 5.08 X 10"* 7.28 X 10'6 4.48 X 10"* 1.59 X 10'3 8.32 X 10'6
5.26 X 10"* 5.75 X 10"* 7.59 X 10'6 4.37 X 10"* 1.73 X 10'3 8.21 X 10'6
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6 .1 .1 .  A n a ly s is  o f  c o n d u c ta n c e  d a t a
From the initial portion of the experimental titration curves involving Calix(n)arene 
(Calix) and amines (A) in benzonitrile (s) at 298.15 K, equilibria data for the formation 
of the adduct (eq. 6.1), and for the ion-pair (association) process, were calculated;
Calix (s) + A (s) [AIT.Calix"] (s) ; Ks = ^ ± ± - 1  (6.1)
A H % +  CaUx~/S) > [A tfXalix-] / sl ; Ka = -----[AH+.Calix-]
w  w  ()  a [Calix-]-[A H +]r + 2 V ’
Combination of eqs. 6.1 and 6.2 gives the proton transfer reaction,
Calixfs) + A(s) **■«• > AKT(S) + Calix- (s) (6.3)
From eqs. 6.1 and 6.2 a fourth order equation for the calculation of the equilibrium 
concentration of the free ion (anion or cation) in solution was obtained, which was 
resolved by the Newton's method154. Once the [Calix-] was known, the concentration 
of the ion-pair was calculated from eq. 6.2. Then, the total concentration of the 
electrolyte (associated and dissociated) was obtained. The limiting conductivities for 
the ammonium calixarenate salts, A° and the Ks (eq. 6.1) and Ka (eq. 6.2) values were 
calculated using the Fuoss-Onsager equation155. With the lack of a better 
approximation, the mean molar ionic activity coefficients (y+) were obtained by the use 
of the extended Debye-Huckel equation. In order to find the best values for A°, Ka and 
Ks a least square non-linear treatment was employed.
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A very good agreement was found between observed and calculated conductivity 
values, which is shown by representative data in Fig 6.13 for cryptand 222 and p-tert- 
butylcalix(8)arene in benzonitrile at 298.15 K.
■e— obs —+— calc
Fig. 6.13. Observed and calculated conductivity data (S.cm'1) for cryptand 222 and 
£>-fer/-butylcalix(8)arene in benzonitrile at 298.15 K
6.1.2. Limiting molar conductivities and equilibria data of p-tert-butyl 
calix(n)arene and amines in benzonitrile at 298.15 K
Tables 6.12 and 6.13 list limiting molar conductivities,A°, Ks, Ka and Kp values for 
£>-terr-butylcalix(n)arene (n = 6,8) and several amines in benzonitrile at 298.15 K.
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Table 6.12. Limiting molar conductivities, A°, of calixarenate salts of protonated 
amines and equilibria data of /?-/e/7-butylcalix(8)arene and amines in 
benzonitrile at 298.15 K
AMINES A°
S.cm/mol'1
IogKs log Ka logKp
Cryptand 222 24.37 ±0.06b 3.70 ± 0.20a 2.52 ± 0.09a 1.18 ± 0.22b
Cryptand 22 23.03 ±0.05b 3.24 ± 0.18a 2.62 ± 0.07a 0.62 ± 0.19a
Triethylamine 30.66 ±0.01b 3.98 ± 0.18a 3.23 ±0.08b 0.75 ±0.20b
/-Butyl amine 20.20 + 0.01 3.21+0.07 2.81 ±0.10 0.40 ±0.12
Atropine 19.04 ±0.08b 3.29 ± 0.03b 2.87 ± 0.05b 0.42 ± 0.06b
Tropine 20.10 + 0.01 3.26 + 0.10 2.79 ± 0.04 0.47 ±0.11
1 - Aminoadamantane 22.38+0.02 3.23 + 0.05 2.66 ±0.09 0.57 ±0.10
a- From ref. 156, this work. b- From ref. 152, this work.
Table 6.13. Limiting molar conductivities, A°, of calixarenate salts 
amines and equilibria data of /?~/er/-butylcalix(6)arene 
benzonitrile at 298.15 K
logKs log KaAMINES
Cryptand 222 
Cryptand 22 
Triethylamine 
/-Butylamine
A°
S. cm2, mol"1
24.70 ± 0.02a 
23.86 ±0.06a 
31.07 ±0.12a 
20.81+0.08
3.18 ± 0.01a
3.04 ± 0.04a
3.19 ± 0.07a 
2.82 ±0.12
1.73 ±0.01a
1.88 ± 0.03a 
2.44 ± 0.05a 
2.31 ±0.10
of protonated 
and amines in
logKp
1 .4 5 ± 0 .0 r
1.16 ± 0.05a 
0.75 ± 0.09a 
0.51+0.16
a - From ref. 152, this work.
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Limiting conductivity values of the calixarenate salts o f the protonated amines (new 
electrolytes) show that these are about half of the values reported for common 
electrolytes157. However, these data are not unexpected taking into account that the 
calixarenate salts are formed by two relatively large ions. Considering that the limiting 
electrolyte conductances depend on the sum of the ionic contributions, the variations 
showed in the A° values for a given calix(n)arene (n = 6,8) are the consequence of the 
different ionic contributions of the protonated amines (cations). Likewise, the values 
will be influenced by the different degree of solvation of the cation in benzonitrile. 
Therefore, the larger A° values observed for cryptand 222 and cryptand 22 relative to 
atropine, tropine, 1-aminoadamantane and ter/-butylamine could be associated to the 
lower ability of dipolar aprotic solvents to solvate cryptands45. Obviously, this is not 
the case for the latter amines as assessed from their transfer free energy data from 
water to benzonitrile, which will be presented below.
Inspection of Table 6.13 reveals that the limiting conductances for the electrolytes 
derived from Calix 6 are slightly higher relative to those from Calix 8; although the 
same trend is followed. Correlations between A0 and the degree of ion-pair formation 
in solution are often found, which can be explained in terms of solvation. Thus, ions 
which are highly solvated in a given medium are usually less readily available for ion- 
pairing in that medium. However, this concept is not necessarily applicable to these 
electrolytes, due to their complex structure, which could lead to an unsymmetrical 
solvation that may not affect the active site of interaction. This is reflected, for 
example, in the atropine calixarenate, which shows slightly higher ion-pair formation 
constant than the cryptands, despite its lowest limiting conductivity.
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6.2  T H E R M O D Y N A M I C  S T U D I E S
6.2.1. Thermodynamic parameters of complexation of /7-fer/-butylcalix(n)arene 
(n = 6,8) and amines in benzonitrile at 298.15 K
As it was pointed out in chapter 2 there is a lack of thermodynamic data in the area 
o f calixarene chemistry. It may be correctly argued that thermodynamics do not 
provide structural information. On the other hand, provided that suitable methods are 
used to derive accurate data, any model proposed must fit the experimental 
thermodynamic data.
Tables 6.14 and 6.15 provide log Ks and derived Gibbs energies, ACG°; 
enthalpies, ACH° and entropies, ACS° for the processes represented by eq. 6.1 involving 
Calix 8 and different amines, as well as Calix 6 and several amines, in benzonitrile at
298.15 K, respectively. These values were obtained by titration calorimetry.
Table 6.14. Thermodynamic data for the interaction of /?-/e/7-butylcalix(8)arene and 
amines in benzonitrile at 298.15 K
AMINES log Ks ACG° ACH° ACS°
kJ.mol'1 kJ.mol'1 J.K ’.mol"
Cryptand 222 3.84 ±0.06“ -21.92“ - 57.29 ± 0.67“ - 118.6“
Cryptand 22 3.15 ±0.04“ - 17.98“ - 37.34 ±0.81“ - 64.9“
Triethylamine 3.97 ±0.24“ - 22.66“ -34.50 ±2.20“ - 39.7“
/-Butyl amine 3.18 ± 0.05b - 18.15b - 42.36 ±0.02b - 81.2b
Atropine 3.30 ± 0.10b
X>OO00 
fi—< 1 - 30.55 ±0.70b - 39.3b
1 - Aminoadamantane 3.07 ±0.06 - 17.52 - 46.00 ± 2.02 -95.5
“-From  ref. 158. b-From ref. 152.
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Table 6.15. Thermodynamic data for the interaction of p-fe/7-butylcalix(6)arene and 
amines in benzonitrile at 298.15K
AMINES log Ks ACG°
kl.mol'1 kJ.mol"1
ACH° ACS°
J.K/mol"1
Cryptand 222 3.26 + 0.07 - 18.61 -45.21 +0.13 - 89.2
Cryptand 22 3.10 + 0.08 - 17.69 -28.85 + 0.25 -37.4
Triethylamine 3.27 ±0.10 - 18.66 - 24.61 ± 0.08 - 20.0
A very good agreement has been found between the data obtained for the stability 
constant (log Ks) by calorimetry for these amines and the calixarenes, and those 
derived from conductimetric titration measurements (Tables 6.12 and 6.13). For all the 
cases studied, the process is enthalpically controlled (ACH° < 0) and takes place with 
an appreciable loss of entropy, which may be partially due to the interaction of 
calixarene and amine to give a single component (ion-pair).
ACH° and ACS° data in table 6.14 (except for the primary amines fer/-butylamine and 
1-aminoadamantane) reflect the characteristic properties of cryptand 222 
(intramolecular cavity) relative to cryptand 22 (loop) or indeed triethylamine and 
atropine. The enthalpy values for triethylamine or atropine are about half of that for the 
macrocyclic ligand, suggesting that for the ciyptands the process is not only limited to 
the protonation of one of their nitrogen atom, as it is the case for triethylamine. This 
result could be explained considering that in a poor solvating medium as benzonitrile; 
the proton, having the possibilities of either being hosted in the hydrophilic cavity of 
the cryptand 222 or exposed to the solvent, would prefer the former option, which 
provides a more suitable medium. In this way, the proton will interact with all 
electronegative atoms existing in the macrocycle. Cryptand 22 presents a circular array 
of oxygen and nitrogen atoms, and as a consequence its electronegative sites are
2 0 0
reduced relative to cryptand 222. This means a weaker interaction between the proton 
and cryptand 22. Indeed, the enviromental changes of the proton in going from the 
cavity of the macrobicycle to the hole of cryptand 22 to triethylamine or atropine (fully 
exposed to the solvent) are best reflected in the entropy data (ACS°) which becomes 
more positive following the order: Cry 222 < Cry 22 < triethylamine = atropine. It 
should be pointed out that Cox et al/59 reported the crystal structure of the 
diprotonated cryptand 211 perchlorate salt with two protons sitting in the cavity of the 
ligand.
The higher ACH° and ACS° values observed for the interaction of fer/-butylamine and 
1-aminoadamantane with Calix 8 could be the result of additional interactions with the 
amines. The cyclic octamer is rather flexible and can adopt a conformation in 
benzonitrile which favours the interactions between the aliphatic chain of the t- 
butylamine and the aromatic groups of the ligand. Besides, interactions involving the 
p-tert-butyl group of the calixarene and the phenyl group of neutral guests have been 
already observed6,32.
The stability constants (log Ks) and the enthalpy data (ACH°) obtained for the 
interactions of Calix 6 and these amines (Table 6.15) showed lower values than those 
obtained for the interactions of Calix 8 and the same amines (Table 6.14) in this 
solvent. Although the trend observed for Calix 6 is the same as that found for Calix 8, 
these results may suggest a weaker interaction with amines for the former relative to 
the latter.
The thermodynamics of interaction of /?~fe/Y-butylphenol with triethylamine and with 
terf-butylamine in benzonitrile at 298.15 K were also studied. These data are shown in 
Table 6.16.
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a m in e s  in  b e n z o n it r i le  a t  2 9 8 .1 5  K
AMINES log Ks ACG° AcH°
kl.mol'1 kl.mol'1
ACS°
J.K ’.mol1
Triethylamine 1.40 ± 0.08 - 7.99 - 16.25 ± 0.06 - 27.7
/-Butyiamine 0.98 + 0.15 - 5.59 - 33.16 + 0.16 - 92.5
The different log Ks values obtained for the interaction of triethylamine and t- 
butylamine with /?-fer/-butylcalix(n)arene (n = 6,8) (Tables 6.14 and 6.15), relative to 
those obtained for the interaction of these amines and /?-/e;7-butylphenol (Table 6.16) 
is attributed to the more acidic character of calixarenes relative to phenol as recently 
demonstrated from potentiometric studies carried out at the Thermochemistry 
Laboratory. In order to gain further information on calixarene-amine interactions NMR 
studies were carried out in CD3CN and in benzonitrile and these are now discussed.
6 3. STRUCTURAL STUDIES
6.3 .1. Determination of relaxation times
Based on 'H NMR studies Gutsche et rt/.81 have already reported the interaction ofp- 
allylcalix(4)arene and several amines in CD3CN. Chemical shifts (6) and relaxation 
times (T,) were measured. These interactions and their discussion have been presented 
previously (section 2.2). The data showed that the relaxation times (T,) are reduced 
when the calixarene and the amine interact in this solvent. In this work, the interactions 
between cryptand 222 (Cry 222) and /?-/er/-butylcalix(8)arene (Calix 8) in CD3CN at 
298 K were studied by 'H NMR.
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Table 6.17 shows the chemical shifts and relaxation time values for the protons of 
cryptand 222 (Cry 222) in the absence and in the presence of /?-te/7-butylcalix(8)arene 
(Calix 8) in CD3CN at 298 K.
Table 6.17. Chemical shifts (8) and relaxation time (Tj) values for the protons in 
cryptand 22 2  in the absence and in the presence of p-tert- 
butylcalix(8)arene in CD3CN at 298 K
r \o o
N O O N.
9 '--- '
8 (ppm) T, (s)
Position Cry 222 Complex Cry 222 Complex
1 2.57 2.58 1.24+ 0.01 1.06+ 0.01
2 3.53 3.53 1.38+0.01 1.18+ 0.01
3 3.59 3.58 1.51± 0.01 1.33+ 0.01
Relaxation time values are lower for all cryptand 222  signals when Calix 8 is present 
in solution, suggesting the formation of the calixarene-amine complex.
6.3.2.13C NMR studies
13C NMR studies have been carried out in order to gain understanding on the
structural changes involved in calixarene-amine interactions.
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Tables 6.18 and 6.19 show the A8 values for the carbons of Calix 8 in the presence 
of amines and the A5 values for the carbons of several amines in the presence of Calix 
8 in benzonitrile, respectively, at 298 K.
It is known160 that electron donor substituents by resonance in the aromatic ring may 
induce downfield shifts on the attached carbon atom, whereas the effect on the ortho 
and p a ra  carbon resonances moves the signals upfield. Thus, it seems reasonable to 
assume that the chemical shift changes in the calixarene component of its complex with 
the amines relative to the calixarene alone ( A5C(i) = 5.17 ppm, A8C(4) = -4.06 
ppm; A5C(i)= 3.29 ppm, A5C(4) = -2.80 ppm; and A5C(i) = 4.40 ppm, A5C(4) = -3.57 
ppm; in the presence of cryptand 22 2 , cryptand 22  and triethylamine, respectively, at 
298 K) may be the result of an increase of the electron density of the oxygen atom due 
to the hydroxylic proton departure (anion formation).
The finding that each carbon atom of the calixarene in the complex shows only one 
signal could be explained as a dynamic interchange (flip-flop) 161 of the seven remaining 
protons among the eight oxygen atoms (delocalised charge). It can also be observed 
(Table 6.18) that the resonance of C(5) in the calixarene shows an upfield influence 
(A5 = -0.26 ppm, A§ = -0.24 ppm and A5 = -0.25 ppm, in the presence of cryptand 
2 2 2 , cryptand 22  and triethylamine, respectively) according to the alternating effect 
shown by carbon atoms adjacent to an unsaturated system.
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Table 6.18. A8 values for the carbons of p-ter/-butylcalix(8)arene in the presence of 
amines in benzonitrile at 298 K a
6
Cryptand 222 Cryptand 22 Triethylamine
5 (ppm) A5 (ppm)b 5 (ppm) A5 (ppm)b 5 (ppm) A5 (pp
C(l) 151.76 5.17 149.88 3.29 150.99 4.40
C(2) c c c
C(3) 125.14 -0.59 125.11 -0.62 125.44 -0.29
C(4) 140.98 -4.06 142.24 -2.80 141.47 -3.57
C(5) 33.70 -0.26 33.72 -0.24 33.71 - 0.25
C(6) 30.79 -0.46 31.38 0.13 31.47 0.22
C(7) 33.07 1.13 32.55 0.61 33.22 1.28
a- The chemical shifts (5) in ppm of/?-/e/?-butylcalix(8)arene carbons in benzonitrile at 
298 K are: 5C(i) =146.59, 8C(2) = 125.73, SC(4) = 145.04, 8C(5) = 33.96, §C(6)= 31.25 
and §c(7) = 31.94. b - From ref. 152. c- The chemical shift (5) of C(2) of the Calix 8 
could not be detected due to the overlap with the solvent peaks.
205
Table 6.19. A8 values for the carbons of different amines in the presence of p-tert-
butylcalix(8)arene in benzonitrile at 298 K a
n(N V
l C / j p N /
2 3
CH3CH;/ j CH2CH3 
2 1 1CH2CH3
Cryptand 222 Cryptand 22 Triethylamine
8 (ppm) A8 (ppm)b 8 (ppm) A8 (ppm)b 8 (ppm) AS (ppm)b
C(l) 55.79 - 0.56 48.91 -0.65 46.68 0.11
C(2) 69.47 -0.80 11.55 - 0.72
C(3) 70.42 - 0.30 70.01 - 0.57
a- The chemical shifts (8) in ppm of cryptand 222, cryptand 22 and triethylamine 
carbons in benzonitrile at 298 K are: 8c<i) = 56.35, 8C(2) = 69.90 and 5C(3)= 70.72;
8C(i) = 49.56, Sc(2) = 70.27 and Sc(3) = 70.58; Sc(i) = 46.57 and Sc(2) ~ 12.27, 
respectively. b- From ref. 152. C-See text.
Regarding the spectra of the cryptands in the presence of /?-toY-buty 1 calix(8 )arene, 
comparatively large shielding effects (upfield shift) are observed in C(l), C(2) and C(3) 
which strongly suggest proton inclusion in the cryptand 222 cavity or in the hole of 
cryptand 22. For triethylamine, a deshielding effect is found for C(l) (a-effect) and an 
upfield effect ((3-effect) for C(2), resulting from the protonation of the nitrogen atom.
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l3C NMR measurements were also carried out with these amines using p-tert- 
butylcalix(6)arene as the ligand, in benzonitrile at 298 K. Tables 6.20 and 6.21 show 
the A5 values for the carbons of Calix 6 in the presence of several amines, and for 
those of the amines in the presence of Calix 6, respectively, in benzonitrile at 298 K.
Table 6.20. A8 values for the carbons of Jp-/e?7-butylcalix(6)arene in the presence of 
amines in benzonitrile at 298 Ka
6
Cryptand 222  Cryptand 22  Triethylamine
5 (ppm) A8 (ppm)b 8 (ppm) A8 (ppm)b 8 (ppm) AS (ppn
C(l) 152.41 4.65 151.74 3.98 151.62 3.86
C(2) - C - C - C
C(3) 125.61 -0.30 125.04 -0.87 125.68 -0.23
C(4) 141.67 -3.11 141.86 -2.92 141.87 -2.91
C(5) 33.98 -0.29 34.01 -0.26 34.03 -0.24
C(6) 31.80 0.21 31.78 0.19 31.78 0.19
C(7) 34.44 0.99 34.09 0.64 34.05 0.60
a- The chemical shifts (8) in ppm of/?-fe/7-butylcalix(6)arene carbons in benzonitrile at 
298 K are: 8C(i) =147.76, SC(3) = 125.91, SC(4) = 144.78, 8C(5) = 34.27, 8C(6) = 31.59 
and 8C(7) ~ 33.45. b- From ref. 152. c- The chemical shift (8) of C(2) of the Calix 6 
could not be detected due to the overlap with the solvent peaks.
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Table 6.21. A5 values for the carbons of different amines in the presence of p-tert-
butylcalix(6)arene in benzonitrile at 298 Ka
/ \ -"-v / V .
(  o  O \ o  O
!* ,o  O N, \  /  N
'<\ T  c h 3c h / P c h 2c h 3
V v  ■ ' L a , .
3
Cryptand 222 Cryptand 22 Triethylamine
8 (ppm) A8 (ppm)b 8 (ppm) A8 (ppm)b 8 (ppm) A8 (ppm)b
C(l) 56.10 -0.25 49.01 -0.55 46.62 0.05
C(2) 69.27 -0.63 69.37 -0.90 11.79 -0.48
C(3) 70.35 -0.35 70.25 -0.33
a- The chemical shifts (8) in ppm of cryptand 222, cryptand 22 and triethylamine 
carbons in benzonitrile at 298 K are: 5C(i) = 56.35, 8C(2)= 69.90 and 8C(3)=70.7; 
SC(i)= 49-56  ^ §c(2) = 70.27 and SC(3) = 70.58; SC(i) = 46.57 and Sc{2) = 12.27,
respectively. b - From ref. 152.
Comparison of the carbon resonances of the Calix 6 and the amines, when 
complexed, with those involving Calix 8 and the same amines indicate similar although 
in general smaller changes in their chemical shifts. This suggests a weaker interaction 
of the Calix 6 and the amines related to that concerned with Calix 8, and corroborate 
the data found from conductimetric and calorimetric studies.
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6.3.3. Variable temperature I3C NMR studies
13C NMR studies at different temperatures have been carried out for cryptand 222 in 
the presence and in the absence of /?-fer/-butylcalix(8)arene. Figs 6.14 and 6.15 show 
the 13C variable temperature NMR spectra of cryptand 222 alone and in the presence 
of Calix 8 in benzonitrile at several temperatures (258, 298 and 368 K), respectively.
The l3C NMR spectra of cryptand 222 at 298 K show the three expected signals for 
the three different carbon atoms of the molecule (C(l), C(2), and C(3)). On cooling 
down to 245 K and heating up to 368 K, no conformational changes were observed. 
Upon complexing the cryptand (in excess) with Calix 8, at 298 K, the C(2) signal of 
the former becomes very broad; making no possible to detect the corresponding 
chemical shift. On heating the complex solution up to 368 K, all the carbon peaks 
became sharper. However, on cooling this solution at low temperature broadening of 
all the signals of cryptand 222 was found, and cooling further down (258 K) two 
signals were observed for each carbon C(l), C(2) and C(3).
These findings seem to support the suggested transfer of the proton from the 
calixarene to the cryptand cavity. At 298 K the exchange of the proton between the 
two nitrogens is fast enough to show only one signal for C(l) and C(3). The 
observation of a broad signal on the NMR of C(2) reveals that at 298 K the complex is 
at its coalescence temperature. Heating the complex increases the rate of exchange and 
all the peaks become sharper, while decreasing the temperature slows down the 
exchange, obtaining the three carbon peaks separated into two, a consequence of the 
existence of two sites of complexation for the proton in the cryptand 222 molecule.
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Fig 6.14.13C NMR variable temperature NMR spectra of cryptand 222 in benzonitrile 
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of/?-terf-butylcalix(8)arene in benzonitrile at 258, 298 and 368 K
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6.4. EXTRACTION OF AMINES BY Jp-TFRT-BUTYLCALIX(n)ARENE
In a solvent extraction process (direct partition) involving water and benzonitrile, the 
two solvents would be mutually saturated. Thus, it may be argued that thermodynamic 
data referred to benzonitrile in its pure state would differ from corresponding data in 
the saturated solvent. However, for those systems where the organic phase is 
constituted by a water-inmiscible solvent agreement is generally found between transfer 
and partition Gibbs energy data117,162,163. This statement is corroborated by the transfer 
and partition Gibbs energy data obtained for atropine in the water-benzonitrile solvent 
system, which will be discussed below. Therefore, the extraction of amines by p-tert- 
butylcalix(n)arene in the water-benzonitrile solvent system is discussed on the basis of 
data referred to the pure solvent.
Since £>-te/t-butylcalix(n)arenes are rather insoluble in water, the extraction of 
amines by these ligands from water to benzonitrile may be schematically represented 
by;
ItyO
c6h 5c n
A
2 AtG°= 
A + Calix
(6.8)
AnG^  AH+ + Calix" -AaG -» [AH+.Calix]
where AtG° denotes the transfer Gibbs energy for the amine from water to benzonitrile 
and APG° and AaG° are the Gibbs energies for the processes given by eqs. 6.3 and 6.2, 
respectively. Thus, the overall Gibbs energy, AextG0, is given by;
AextG° -  AtG°(A)(H2o-+s) + ApG° + AaG°
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(6.9)
The effect of calix(n)arene (n = 6,8) (Calix) on the transfer of amines (A) from water 
to benzonitrile (s) has been studied talcing into account the individual processes which 
contribute to the overall extraction. These are
i) the transfer of the amine from water to benzonitrile
A (h2o) A (S) (6 -4 )
ii) the protonation process in benzonitrile
A(S) + Calix(s) —> AH4(S) + Calix~(S) (6.5)
iii) and the ion-pair formation between the protonated amine and the anion in 
benzonitrile
AH+(s) + Calix"(s) -> AlT.Calix/s) (6.6)
Thus, the overall extraction process is given by eq. 6.7;
A(h2o) + Calix(s) ^ —> AlT.Calix'(s) (6.7)
Data for the individual process as well as Gibbs energy for the overall extraction of 
various amines by Calix 8 and Calix 6 from water to benzonitrile at 298.15 K are given 
in Table 6.22. This table also includes the AtG° data for the amines.
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Table 6.22. Gibbs energy data in kJ.mol"1 for the extraction of amines by p-tert-
butylcalix(n)arene (n = 6,8) in the water-benzonitrile solvent system at
298.15 K
Calix 8 Calix 6
AMINES AtG° APG° AaG° AextG° APG° AaG° AextG0
Cryptand 222 7.24a - 6.73d - 14.38e - 13.87 - 8.28d - 9.87e - 10.91
Cryptand 22 7.14a - 3.54d - 14.96e - 11.36 - 6.62d - 10.73® - 10.21
Triethylamine - 1.84b - 4.28d - 18.44e - 24.56 - 4.28d - 13.93e - 20.05
/-Butylamine - 2.67b - 2.28d - 16.04e - 20.99
Atropine - 4.23° - 2.40d - 16.38e -23.01
1-Aminoada. - 5.68° -3.25d - 15.18e -24.11
a- From ref. 156. b- From partition data, see pag. 215.c- From solubility measurements 
in water and in benzonitrile, see text. d- From log Kp values given in Tables 6.12 and 
6.13.e- From log Ka values given in tables 6.12 and 6.13.
Data for the cryptands (Cry 222 and Cry 22) were taken from the literature117,156. 
However, the value for atropine has been obtained at the Thermochemistry 
Laboratory152 from;
i) Solubility measurements in water [(2.64 ± 0.02)xl0‘2 mol.dm'3] and in benzonitrile 
[(1.35 ± O.OQxlO'1 mol.dm"3] at 298.15 K. Solubility data were also used to 
obtain the transfer data for 1-aminoadamantane.
ii) Direct partition of the amine in this solvent system at 298.15 K, using different 
concentrations of the atropine. Plotting log[A]H2o versus log [A]BN an straight line
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was obtained, whose intercept at log[A] = 0 yielded the partition constant (log Kt =
0.96). Its slope was close to 1, indicating that homoconjunction of the atropine 
does not take place in benzonitrile. The AtG° data obtained for this process (-5.52 
kl.mol"1) is, within the experimental error, in very good agreement with that derived 
from solubility data (see Table 6.22). The partition method was also carried out to 
determine the transfer data for triethylamine and /-butylamine. In water, corrections 
were done to account for hydrolysis of amines.
Analysis of AextG° data clearly reflects that all these amines are more favourably 
transferred to the organic phase in the presence of p-fe/7-butylcalix(n)arene than in its 
absence. Undoubtedly, all Gibbs energy data for the extraction process were found to 
be more negative than AtG° values (AextG° < AtG°). pKa values for p-tert- 
butylcalix(n)arenes (n = 6,8), obtained from the potentiometric method152, showed that 
Calix 6 is more acidic that Calix 8, since pK^ , (Calix 6) < pKdl (Calix 8); thus, the 
contribution of the proton transfer reaction is more favoured for Calix 6 than for Calix 
8 (APG° is more negative for the former than for the latter). The data presented in 
Table 6.22 show that the main contribution to the overall extraction process is given 
by the ion-pair formation process ( AaG° ) and indeed it is greater for the anion of the 
cyclic octamer than for the hexamer. However, the selective extraction of amines from 
water to the organic solvent is largely controlled by the AtG° data of these amines from 
water to benzonitrile. KeXt data were calculated from AextG° values (Table 6.22), and it 
was found that in the presence of p-fer/-butylcalix(8)arene, 1-aminoadamantane is 
more favourably transferred by factors of 0.8, 1.5, 3.5, 62 and 171 relative to 
triethylamine, atropine, /-butylamine, cryptand 222 and cryptand 22, respectively. 
Thus, the higher extraction data for the amines (triethylamine, /-butylamine, atropine 
and 1-aminoadamantane) relative to the cryptands is clearly due to the favourable 
transfer of the former amines with respect to the latter. Generally, it is assumed that if 
the ligand, which is not soluble in water, selectively interacts with several hosts in an
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organic phase, these molecules would be selectively extracted from water to the non- 
aqueous medium by the macrocycle. However, it is obvious from the data shown in 
table 6.22 that the transfer data play an important role in the extraction process. It is 
important to mention that the validity of eq. 6.7 needs that the complex of the amine 
with the calixarene should not be soluble in water. As a matter of fact, water was the 
solvent used to isolate these complexes in the solid state (see section 3.13).
6.5. CONCLUSIONS
An important consequence of the interaction of £>-fe/7-butylcalix(n)arenes (n = 6,8) 
and amines in benzonitrile is the generation of new electrolytes resulting from a proton 
transfer reaction from the calixarene to the amine. In fact, the studies carried out 
reflect the importance of conductance measurements in situations involving two 
neutral species to give electrolytes. Therefore, this method offers a suitable mean to 
distinguish between interactions involving the transfer of a proton from those resulting 
form hydrogen bond formation.
The combination of the various techniques used for these studies (conductimetric, 
titration calorimetry, NMR measurements) and the agreement found between them 
have helped considerably for the interpretation of the process involving calixarenes and 
amines in benzonitrile.
The various factors contributing to the overall extraction of amines from aqueous 
solutions by p-tert-butylcalix(n)arenes (n = 6,8) which have been often neglected, call 
upon the need for further research in this area. This work clearly demonstrates the 
importance of transfer thermodynamic data and ion-pair formation constants in the 
analysis of solvent extraction processes.
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SUGGESTIONS FOR FURTHER WORK
As far as the first part of this thesis is concerned further research on amino acid- 
macrocyclic interactions should include;
i) Isolation of good crystals of amino acid, macrocycle complexes for X-ray analysis.
ii) Complexation studies of these guests with cryptand 22 as the macrocyclic ligand in 
methanol, in order to assess the extent of interactions relative to 18-crown-6 and 
cryptand 222, as the former holds characteristics of both of the latter ligands.
iii) A detailed study including dipeptides as guest species, due to the importance of 
these molecules in biological processes.
Regarding the solution properties of parent calixarenes, the following suggestions 
are made;
i) Due to the interactions found between calix(4)arene ester derivatives in 
different solvents, heat capacity measurements should be performed in order to 
obtain information on conformational changes, which could result from solvent- 
ligand interactions.
ii) The low solubilities observed for parent calixarenes in most solvents studied and 
the limitations found to perform thermochemical studies by the use of conventional 
calorimetry require the new device designed by Wadso for the determination of the 
heats of solution of sparingly soluble compounds. Thermodynamic data are 
important to gain understanding of the solution process involving parent 
calix(n)arenes.
The suggestions proposed for the third part of the thesis include;
i) The study of calixarene. amine interactions involving y>-/er/-butylcalix(4)arene. 
Weaker interactions are expected for the tetramer relative to the hexamer and the 
octamer.
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ii) X-Ray diffraction studies of calixarene. amine complexes once good crystals are 
obtained.
iii) To perform actual extraction processes to design new methods for amine separation 
using parent calixarenes as the extracting agent in the organic phase.
iv) Attempts should be made to study interactions between resorcinol based 
calixarenes and amines in order to assess the capability of the former to selectively 
extract amines from aqueous solutions.
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